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4.5 POWER CONVERSION SYSTEMS

The major power conversion concepts to receive detailed consideration in
this study are:

1) Rankine alkali metal vapor turbine-alternators;
2) In-core thermionic conversion;
3) Brayton gas turbine-alternators; and

4) Free piston Stirling engine-linear alternators,

In this volume the considerations important to the coupling of these four
power conversion alternatives to an appropriate nuclear reactor heat source,
together with the comparative performance characteristics of the combined
systems meeting the MCNSPS requirements, are presented.

4 n lkali Metal Vapo urbine-Alternator System

Introduction. It was recognized almost at the inception of the space
nuclear electric power program that the heat rejection from a high
temperature Rankine cycle system promised to give the lowest radiator size
and weight of any of the systems under consideration. The cycle diagram and
the schematic arrangement of the Rankine cycle are shown in Fig. 4.5.1.1.
In this cycle, the working fluid is compressed as a liquid and heat is added
to raise the liquid to its saturation temperature, as indicated in the cycle
diagram by processes 1-2. Heat 1is added at constant pressure and
temperature, causing a phase change from liquid to vapor, states 2-3. The
vapor 1s expanded through a turbine and work is extracted, states 3-4. To
complete the cycle, the waste heat is rejected at constant pressure and

temperature, causing the vapor to condense back to the liquid state, during
the process 4-1.

As a result of the boiling and condensing phase changes at constant
temperature, the ideal saturated Rankine-cycle efficiency approaches that of
the Carnot cycle. 1In addition, very little work is required to compress the
working fluid in the liquid state. The principal advantages of the Rankine
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Cycle are the high cycle efficiency and the isothermal heat rejection, both
of which are important to minimizing the radiator area for a given heat
source temperature. The principal disadvantages of liquid metal Rankine
cycles are the relative complexity, heavy boilers and separators required to
provide dry saturated or superheated vapor in mucri-gravity, vapor-liquid
management in the separator, turbine, and condenser, 1liquid metal bearing
requirements, numerous loops, pumps, heat exchangers, valves and ceramic
alternator stator seals, inherent corrosion and erosion characteristics of
the applicable working fluids.

Working Fluids

The reports and papers covering the extensive work carried out on high
temperature Rankine cycles in the past 30 years have been reviewed. From
this review it 1is evident that high temperature steam cycles entail such
high pressures that the equipment would be much too heavy for space power
applications. The upper temperature useable with higher boiling temperature
organic fluids is limited to about 750 K by thermal decomposition; this
temperature is too 1low to give an attractive system. Mercury was used in
utility power plant systems for 40 years and was the choice for 1low power
(3-30 kWe) SNAP space power systems. However, experience indicates that
solution-type corrosion and mass transfer imposes an upper temperature limit
of about 800 to 900 K for Fe-Cr-Ni alloys. Refractory metal alloys could be
used for higher temperatures, but the vapor pressure of mercury increases to
the point that equipment weights become excessive at boiling temperatures
above about 1000 K. Alkali metals have been shown to be compatible with
both the Fe-Cr-Ni and refractory metal alloys [23] to much higher
temperatures and have lower vapor pressures than mercury, hence they are
logical choices. Fig. 4.5.1.2 indicates the range of applicability of
sodium, potassium, cesium and their potential radiator power densities. No
other working fluids have since been found that would have both a suitab’

vapor pressure and be compatible with a suitable structural alloy.
By 1959 completely independent studies at ORNL and NASA Lewis Lab indicated

that potassium and cesium were the best candidates for space power systems

ranging from 300 kWe to 1 MWe. The vapor pressure of rubidium is

ITI-3
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intermediate between the values for potassium and cesium, but it is
difficult to obtain. Lithium was found to have such low vapor pressures at
containable temperatures that the size of components and hence their weight
became excessive. The diameter of the last stage of a 100 kW(e) lithium
turbine, for example, would have to be almost 2 meters. A subsequent study
at G.E. ANP 1in Evendale, Ohio reached similar conclusions. In comparing
cesium and potassium it was found that the higher atomic weight of cesium
glives a smaller and lighter turbine, but the turbine weight is a small
fraction of the total power plant weight. On the other hand, potassium is
much more readily available than cesium, 1less expensive, and far less
subject to neutron activation. As a consequence, all three organizations

chose potassium as the working fluid for the 300 kWe to 1 MWE power range.

In this program, for 10 MWe, sodium will be shown to provide 1lowest system
mass, if suitable higher temperature (1600 K - 1800 K) reactor, fuel, r»-ump

and (low creep) turbine and boiler materials can be developed.

Over 100 reports are available describing 1liquid metal Rankine cycle
concepts, materials work and components development that took place during
the period 1955 to 1970. This cycle received over 200 million dollars
(virtually all) of the space power development funding from 1955 to 1967.
Most of the work was with the lower temperature SNAP 2 and SNAP 8 mercury
systems. In the mid 1960's a healthy potassium Rankine component
development program was under way. The potassium work was pointed toward
300 kWe to potentially 1 MWe and now serves as the technical basis for
extrapolating to multimegawatt power outputs. To make the best use of this
past work in this study, it was decided that past work [35-39] would be
reviewed, correlated, and extrapolated to temperatures and power levels
needed in this study. These correlations and extrapolations follow in this

report.
In addition to components, design consideration must be given to coolant and

working fluid loop arrangement. The major question in this regard is direct

cycle versus indirect cycle.
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Pirect In-Core Boiling Cycle. The Rankine vapor cycle is similar to the

Brayton gas cycle in that it can use either a direct cycle with the working
fluid heated in the reactor core or an indirect cycle with a single phase
liquid coolant 1loop and an external 1liquid to boiler or vapor heat
exchanger. The direct and indirect cycles are illustrated schematically in
Fig. 4.5.1.3.

Successful bolling reactors using water as a working fluid have been built
for terrestrial low temperature, earth gravity power systems. However, a
boiling reactor with 1liquid metal, as might be used in a O-gravity space
power system, requires a major technology development effort.

The direct in-core single pass boiling reactor is not reasonably capable of
producing vapor superheat in a compact reactor because of the large void and
heat transfer area requirement to achieve dry vapor for superheat. In order
to prevent in-core boiling burnout in a fuel rod bundle core, a considerable
liquid recirculation rate (approximately 10:1 mass ratio of coolant
recirculation to vapor fraction) 1is frequently specified,. In order to
achieve low recirculation ratios, incore 1liquid-vapor separation, and
boiling stability, the reactor should be "inside out”, i.e., the fuel should
be outside of the coolant channels, as in the heat pipe cooled "SPAR"
reactor. In this manner, inlet coolant tube orificing can prevent "boiling
disease" even in zero gravity, as was achieved in the Hanford and Savannha
River tube type p.oduction reactors. In addition, a "calendria” type core
will permit installation of spiral turbulators into each boiling tube as
described in section 4.4 of Volume II. At the exit of the reactor, the
vapor must be cyclone separated from the recirculating liquid and cyclone-
chevron dried before entering a saturated vapor turbine. After partial
expansion, the moisture must be extracted from the turbine to remove
accumulated liquid. Another alternative is to admit prime hot vapor into
later stages of the turbine in order to reheat the partially expanded vapor.
Moisture extraction and reheat are required to prevent excessive 1long term
turbine erosion in saturated metal vapor turbines. Turbine vapor extraction
is also required for feed heating, better efficiency, and reactor
temperature stability.

III-6



€15 614

(— N
—.51104.
JoJe1pey | ding FUTIRINIITY
B
AdOYIN3 ® |
CLO g, _
m - By Ign _ w
) © m
. UOT1BSUIPUD) o J03e.edss
pue uo11ds(8y 1esH
=
\DIIEZIAESA @ kK 49110,
EHWE . S W J0Jel |
UBNOUL burtrod = |
uoTSUedx3 |
ﬂw ) PO ® _ bﬁwu_
UoT3 1Dy soeu Jo .
1EH 193 Ty _
|
J03e.edas _
ITA] 1D3IITA YOIIv3IY ONT 1104
NOILdI¥IS3A FT1DAD ¥0dVA INIANVY TVIOIdAL
- /)

I11-7




The direct in-core boiling system is sensitive to fluctuating reactivity due
to vapor (void) formation. Special attention is required to tailor the
reactor design to have a nearly zero, or slightly negative, void coefficient
of reactivity. The relatively high pressure (200-300 psi) on the reactor
vessel will most likely require that the pressure vessel be located outside
of the reflector control drums. This arrangement will greatly increase the

complexity of reactor control.

A twin turbine, direct bolling, potassium reactor system schematic layout is
shown I{n Fig. 4.5.1.4. The hot saturated vapor 1is cyclone separated and
demisted in the reactor before being brought around the outside of the
shield to a header and distributed to multiple turbo-alternator units.
Recycled potassium liquid might be recirculated to the reactor inlet either
by a very high temperature EM pump, a jet pump powered by high pressure
condensate return, or by a vapor driven turbo-pump. Vapor extracted from
the turbines is also reheated in a heat exchanger. Condensate is removed
from the restartable-taper-cone condensers by EM pumps and delivered to
canned-rotor or turbine driven boiler feed pumps. A heat rejection 1loop
transfers waste heat from the taper cone condensers to the radiator. The
main radiator is an extendable telescoping cylinder heat pipe type, which is
shown packaged in the stowed configuration. In addition there is a bearing
and alternator cooling heat rejection system which operates at a lower

temperature.

The inherent primary advantage of the direct boiling system is lower reactor
fuel temperatures for a given overall thermodynamic efficiency, 1if
recirculation pumping power can be kept low. Because the use of lithium is
precluded in the direct boiling system, a second advantage will be the lower
corrosion sensitivity of refractory metals to potassium (as opposed to
lithium). Finally, the direct cycle system avoids the weight and complexity
of a separate loop, consisting of an intermediate heat exchanger and a high
temperature lithium pump, components which are required for the indirect

cycle approach.
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Indirect Systems. The indirect Rankine cycle system, wutilizing
electromagnetically pumped liquid lithium coolant in the reactor or primary

loop and an external once-through potassium boiler-superheater in the power
conversion system loop, can be a much more straight forward engineering
task. With only a pumped non-boiling primary loop, a compact, reflector
controlled, fuel pin reactor is reasonable. The low lithium pressure will
permit thin reactor vessel (double) walls with minimum loss of reflector
control. Reactivity fluctuation is minimal, and boiling burnout and
stability in the reactor can be avoided. The external once-through boiler-
superheater, with liquid lithium as the heat source, 1is not subject to
unstable flow distribution boiling burnout at the expense of increased
boiler-superheater mass, slightly superheated vapor might be provided to
minimize the need for turbine moisture extraction and reheat. Development
will be more straight-forward but must deal with higher reactor temperatures
and lithium metal containment for a given system efficiency and radiator
size. An indirect cycle potassium Rankine power system flow schematic is

shown in Fig. 4.5.1.5

For this type of system, multiple torroidal boiler superheaters produce the
dry vapor with heat input from pumped lithium loops which cool the reactor.
Redundancy in the ducting and boilers is maintained with multiple turbine
generator units. Other components in the system would be similar to the
design shown in Fig. 4.5.1.4, although the space taken up by the boiler

units means that the entire system would be longer.

Another indirect cycle concept uses a modified "mini-heat-pipe" reactor
(described previously in Section 4.4.4 of Volume II), rather than a
straight-forward lithium cooled fuel pin reactor. This concept permits
elimination of the double-walled primary reactor core vessel. Multiple
lithium loops cool the ghort heat pipes in a cross-flow series-parallel
design which eliminates the possibility of single point failures. The short
heat pipes at high power density are more reasonable. The reactor can be
made much larger for higher fuel inventory and power output. Individual
heat pipe, radiation cooled, control rods can be considered without primary

coolant vessel penetration.

IT1-10
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Jemperatures and Pressures. The peak cycle temperature for a 1liquid metal

Rankine system is usually limited by the fuel cladding temperature, but this
limit may also be a consequence of the allowable peak centerline temperature
in the fuel itself. Although temperatures in excess of 1500 K might be
achieved with 1iquid metal Rankine systems, it 1is expected that pressure
containment will 1imit saturation temperatures to about 1400 K plus some
small superheat for a potassium working fluid. At these temperatures, the
vapor pressure of potassium is approximately 10-15 atm, which is reasonable
for creep stress limitations in the high temperature components. The use of
sodium as the working fluid would permit operation at 100 K higher
temperature at the same pressure limits, if a low creep rate reactor core
vessel (or boiler tube) material can be developed. The temperature of heat
rejection can be varied for design optimization with the radiator size.
However, as the heat rejection temperature 1is lowered, the condensing
pressure is also lowered and the sizes of the 1last turbine stages, the
condensers and the radiator are rapidly increased. Moisture erosion also

becomes more significant.

a d e erations. For direct boiling Rankine systems,
there are design difficulties in bringing the working fluid (large vapor
pipes) around or through the shield, similar to the direct Brayton cycle
problem. However, the mass of fluid which must be transported (and hence
the sizes of the ducts) 1s smaller than the Brayton gas system and the

radiation streaming may be less of a problem.

With an indirect Rankine cycle, a lithium metal primary loop would be used
to bring the heat around the shield. This permits heat transport with a
relatively small cross-section of fluid duct, so that the majority of the
shield surface area can be left exposed for cooling. In addition, the
liquid 1lithium in the ducts is a fair shielding (scattering) material
itself, so that radiation streaming is reduced. With the pumped 1loop
indirect cycle, there 1is no boiling in the reactor and the reactivity
changes related to this are avoided.

ITII-12



Multiloop Systems. Rather than combining the condensing and waste heat
radiating processes into a single vulnerable component, a shell-and-tube
condenser can be used to reject heat to a third loop. This loop conveys the
heat out to a radiator, resulting in a three-loop system similar to those
used iIin wutility steam power plants and 1in the SNAP-8 power unit. The
programs at NASA Lewis Lab, G.E.-Evendale, and Pratt & Whitney also followed
this course. A flow sheet for the three-loop system is shown in Fig.
4.5.1.6.

Electric Output. Electric output of the Rankine cycle system is similar to
all other rotor-dynamic systems, in terms of producing a desired voltage. A
particular characteristic of the Rankine system is the need for an auxiliary
radiator to cool the canned stator generator and turbine bearings. This
radiator can operate at relatively higher temperature than solid state

components (=600 K).

Reljability and Modularity. The reliability of alkali metal Rankine cycle

systems is primarily a question of high temperature fuel and component
durability, corrosion resistance, and development of successful long life
liquid metal bearings. Corrosion of high temperature components by the
alkall metals in non-isothermal loops is greatly accelerated by the presence
of small quantities of oxygen, nitrogen or carbon in the system [23,38]. It
will be important to maintain the purity of the working fluid for a long
operating life and to select materials that have very 1low temperature
dependence on solubility in the liquid metals. The process of boiling the
liquid metal continually re-distills impurities out 1in the portion where

evaporation takes place. This can lead to transport of metal similar to the
phenomena in high power heat pipes. However, the deposition of metal in the
boiler portions of the system are less likely to clog small orifices, as

occurs in the small passages of a heat pipe wick.

In order to achieve a reliable system, multiple boiler, turbo-alternator and
condenser loops are anticipated. This iIs not difficult in the indirect case
where the primary 1lithium flow can be divided and the alkali metal vapor
turbines are small in both size and mass. Turbo-alternator units on the

order of 1.5 to 3 MWe output were examined for extrapolation to 5 MWe and 10

ITI-13
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MWe net output, respectively. All loops, pumps and turbo-alternators should
be in near-perfect counter rotating pairs to minimize the vehicle disturbing

torques.

The vital requirement for exceptionally high reliability, unattended
operation in orbit raised a basic feasibility question at ORNL some years
ago. Would it be possible to achleve the specified 90% probability for a
year’'s operation without a forced outage? (An even more stringent
reliability requirement of 958 for 5 years (44,000 hrs) is currently
envisaged.) Extensive operating experience with complex systems indicate
that such a high degree of reliability will be difficult to achieve in a
dynamic system. Automobiles, for example, ordinarily require maintenance
before they have run even 1000 hours, or about 50,000 miles at 50 mph. A
study of the records of conventional steam plants and the Army Package Power
Reactor systems and others, including hydroelectric units, was sobering: the
best steam plants gave mean times to a forced outage of only around 500
hours, while the corresponding time for hydro units was about 1000 hours.
This led to an extensive generic study [38] of the reliability of the basic
types of equipment involved, 1i.e., valves, turbines, generators, motors,
pumps, heat exchangers, instrumentation sensors, electronic controls, and
electrical switchgear. The fallure rates indicated that, even with the best
quality control on each and every component, it was highly unlikely that the
required reliability could be achieved wunless the system is drastically
simplified and the number of series connected components reduced to an
absolute minimum. The only example found of a roughly comparable system
demonstrating the desired degree of rellability was a household
refrigerator. These appliances commonly give a mean time to failure of
about 12 years. To achieve this, that system has been simplified to a
minimum number of components: motor, pump, evaporator, condenser, expansion
valve, thermostat, and a control switch with the requisite connecting piping
and wiring. The refrigeration system 1s hermetically sealed, and the
materials employed operate in a low temperature environment and are so
compatible and so free of degradation, wear, or corrosion that no provision
for additions to, or clean-up of, the working fluid is needed.

IT1I-15



To pget a degree of simplification in a space power plant, ORNL reduced the
system to a single (direct) loop by using a boiling potassium reactor and a
direct condensing radiator as shown in Fig. 4.5.1.7. [38] This eliminates
not only some of the components of the typical three-loop system of Fig.
4.5.1.6, but also some of the instrumentation and control equipment as well.
Analyses of outages in power plants have shown that the instrumentation and
control equipment 1is the major cause of forced outages. The apparent
simplified system of Fig. 4.5.1.7 could be achieved only if the formidable

problems of a boiling potassium reactor could be solved.

As the programs on the 3-loop potassium Rankine cycle system (commonly
referred to as the SNAP-50 system) proceeded at NASA, G.E., P & W, and
AiResearch, the advantages of the direct-condensing radlator 1led to
consideration of the 2-loop system of Fig. 4.5.1.8. This eliminated the
temperature losses associated with the shell-and-tube condenser and the
temperature drop In the NaK circuit for the radiator, thus increasing the
mean radiator temperature about 100°C for a given turbine outlet
temperature. This reduced the radiator size and welight and eliminated the
NaK pump and its instrumentation and control equipment. These savings were
offset in part by elimination of the redundancy provided by employing four
parallel NaK radiator circuits. Additional armor was required on the
radiator tubes to obtain the same low probability of an outage caused by a

meteoroid puncture of the radiator.

Such a direct radiator at 1 to 10 MWe is not possible or reasonable. A 10
MWe Rankine space power system will utilize at least 1000m? of radiator
area. The required micrometeorite protection on such an area is
prohibitive. Reliable condensation and return of the condensate from a
large distance in zero gravity would also be very difficult. In this study
SPI will utilize zero gravity conical condensers incorporated into large
long radiator heat pipes. (See conceptual design Section 6.1., Volume IV).
In Figs. 4.5.1.9 thru 4.5.1.13 the results of previous potassium Rankine
studies and development programs are correlated and extrapolated. Fig.
4.5.1.9 [40] provides the correlation and extrapolation of reactor size and
mass for the various lithium cooled and boiling potassium reactors. On Fig.
4.5.1.10 the size and weight correlation for 1lithium to potassium boiler

I111-16
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part design studies is presented. As indicated previously, a 10 MWe system
will require a 40 to 50 MWt reactor, and large high-speed turbo-alternators
will be coupled into counter rotating pairs.

1f the power conversion system is divided into 4 parallel redundant systems,
arranged into counter flowing and rotating pairs, then each unit will have

to accommodate some 10 to 12 thermal megawatts.

From Fig. 4.5.1.10, four 10 megawatt bollers would have a mass of 2640 kg
(4x10 MWt x 66 kg/MWt). The 2640 kg added to that of the 40 MWt Li cooled
uranium nitride reactors (LUNR) of Fig. 4.5.1.9 places the LUNR mass nearly
equal to the mass of the bolling potassium metal reactor {BMR). A final
decision of whether to select a LUNR or BMR to provide heat to a Rankine
vapor turbine cycle need not be made at this time. For purposes of
comparing the Rankine cycle to the Stirling, Brayton or thermionic
conversion cycles, the LUNR and BMR may be treated equally.

Fig. 4.5.1.11 correlates the Rankine turbine alternator mass and size from
past studies [39].

Fig. 4.5.1.12 presents the feed heater correlation for mass and size [40].

Fig. 4.5.1.13 presents mass and efficiency correlations for the various pump
types considered in past and current studies [36,40].

Rankine Cycle Performance Estimates. Analyses of Rankine cycle systems was

carried out by doing a balance of the enthalpy at various points in the
cycle as specified by Mollier charts for the particular working fluid. The
data on these charts or tables are stored in a look-up routine in a system
analysis computer program. Input parameters specifying the turbine and
generator efficiencies, boiler feed and circuldtion pump work, pressure and
thermal losses, etc. are entered to calculate the cycle performance. For
liquid metals, the fluid state at the turbine exit typically represents a
wet vapor condition. Both the enthalpy and the entropy values are
interpolated between vapor and liquid states, based on the quality at that
point. Techniques for handling a Rankine cycle in hhis.way are similar for
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many types of working fluids, if the fluid properties are known as a
function of temperature and pressure over the operating range.

The cycle high temperature 1limits are established by materials’ creep
strength, corrosion, and radiation induced swelling limits, and system life

expectations.

The cycle lower temperature limits are established by radiator area and mass
limitations imposed by the launch system capability and cost, and the

deployed system mass, compactness and mobility requirements.

The characteristics of the telescoping heat pipe radiator described in
Section 4.3 of Volume II were incorporated into the computer program. The
cycle analysis establishes the cycle efficiency which 1is wutilized to
establish the system thermal power. The thermal power and cycle peak and
minimum temperatures establish the fluid flow rates, pressure drops, pumping
povers and the reactor, superheater, boller, reheater, and feed heater sizes
and masses. The vreactor size and mass are determined by the procedure
described in section 4.4 of Volume II.

The electric power requirement is used to establish the turbine-alternator
mass and dimensions. For this preliminary analysis, the past program
correlations and extrapolations on Figs. 4.5.1.9 thru 4.5.1.13 are utilized
to establish component masses and sizes. Superheater and reheater sizes and
specific masses are estimated and are optimistically assumed to be 3 times

the size and mass of a boiler passing the equivalent heat.

Preliminary Calculated Results. The Rankine cycle efficiency decreases when
the heat rejection temperature is raised, for a fixed value of the peak
cycle temperature. However, the fraction of the ideal Carnot efficiency
does not degrade. It even increases slightly. These effects are shown on
Fig. 4.5.1.14, which illustrates the variation in the cycle efficiency as a
function of the condenser temperature found in the previous Rankine cycle
development programs. When all the aerodynamic, moisture, seal losses and
generator inefficiencies have been 1included, the Rankine cycle systems

produce nearly =60% of the ideal Carnot efficiency, as shown in these
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figures. Typical overall efficiencies are in the vicinity of 19% for
condenser temperatures in the range of 900-1000 K, and turbine inlet
temperature of 1450 K. Reactor circulation pump, electrical power

conditioning, regulation and transmission losses are not included.

Probable Operating Regime. The alkali metal Rankine cycle system operates

in a relatively small region of peak cycle and heat rejection temperatures.
This is because of the rapidly changing vapor pressure of the fluid. In
this limited range, it is possible to use a single value for the fraction of
Carnot efficiency achieved in the cycle in order to calculate ({its
performance. A preliminary calculation of Pe/AR for the Rankine cycle
system is shown in Fig. 4.5.1.15. The radiator 1s assumed to be at an
average temperature 100 K below the condenser temperatures shown on the

chart.

The data Iin Fig. 4.5.1.15 were generated using a constant 60% of carnot
system efficiency. Based on the more detailed calculated results shown in
Fig. 4.5.1.14, a value of approximately 75% has been estimated for the
turbine expander efficiency only [41]). These values of component and device
efficiencies seem reasonable for megawatt class machines that are used in
the MCNSPS cycle selection analysis. Although the Rankine cycle is operated
in a relatively small range of temperatures, 1its high heat rejection
temperature yields a relatively high value of electric power for a given

radiator.

-Weight estimates of a 10 MWe Rankine power system are presented in Fig.

4.5.1.16. Turbine inlet temperature was limited to 1450K, believed to be
the upper limit for ASTAR 811-C used as turbine blades. Using approximately
30,000 kg as the shuttle 1ift capacity, a 5 year life 10 MWe Rankine system
could easily be 1lifted by 2 shuttle deliveries. The shuttle-stowable
Rankine power conversion module is shown in Fig. 4.5.1.17. The main
radiator subassembly (the telescoping radiator), can be lifted in the next

subsequent shuttle.
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4.5,2 In-core Thermionic Conversion System
General Characteristics

Preliminary comparison of thermo-electric versus thermionic direct power
conversion systems indicated that thermionic systems had a substantial
mass and radiator size advantage for space power systems above 100 kWe
output. That mass and size advantage increases to factors of 2 to 4 as
power output is increased to the multimegawatt range. Thermionic conversion
is one type of gtatic energy conversion, which has the potential to produce
multimegawatt space nuclear power systems in mass and size competition
with the other promising high power systems, which are dynamic. Direct

thermionic conversion has the advantageous features of:

] Direct Conversion of Energy: Electric power is produced without the
use of moving parts. This helps wminimize wear-out, startup and restart
mechanisms, and eliminates the problems of satellite inertial stability
associated with dynamic systems.

o Modularity: The converters can be developed and produced as small
modules, performance checked and assembled in series-parallel arrays of
any desired size. This results in high reliability due to system
redundancy and a lack of single point failure. It also reduces
development time and cost, since development of the small module is

greatly facilitated by lower unit costs and short iteration times.

o Good Conversion Efficiency with High Heat Rejection Temperatures: The
thermionic converter has demonstrated attractive efficiencies and

lifetimes at heat rejection temperatures exceeding 1100 K.

to es. A thermionic conversion system 1s potentially compatible
with high-temperature 1liquid metal, heat pipe, and gas-cooled reactors.
However, it is best capable of operating inside the reactor core with liquid

metal coolant.

I1I-31



The results of this study have shown that in-core thermionic conversion 1is
a preferred approach for MCNSPS applications. The in-core converter system
concept 1s schematically illustrated in Fig. 4.5.2.1.

The 1in-core thermionic reactor (ITR) eliminates the need for a high
temperature heat transfer loop between the reactor and energy conversion
system, This has two advantages; it permits operation with a higher hot
side temperature for the energy converter, and it allows most of the reactor
(coolant, vessel, control drums, etc.) to operate at the energy converter
cold side temperature. Heat transfer from the reactor around the shield |is
at the heat rejection temperature, minimizing problems of reactor and shield
cooling. The ITR is the only known concept that can generate multi-megawatt
power levels in shuttle launchable packages with near state-of-the-art

reactor and component temperatures.

In comparing the feasibility and reliability of TI systems with other
approaches, three considerations are paramount: fuel swelling has the
potential for creating electrical short circuits between emitter and
collectors, ceramic insulators within the reactor are subject to irradiation
damage, and the presence of converter components within the core results in

a larger reactor and correspondingly larger shield.

ermionic Conv ciple
Cycle. The thermionic energy converter is a non-mechanical gaseous-

electronic device for converting heat directly into electric power by
thermionic electron emission. In its simplest form the diode, shown
schematically in Fig. 4.5.2.2, consists of two electrodes separated by a
narrow gap (0.2-lmm), typically filled with cesium vapor at =1-10 Torr.
Electrons are emitted from a hot electrode, the emitter, and are collected

at a different potential by a colder electrode, the collector.

Heat 1is supplied to the emitter, to maintain a high enough temperature to
emit electrons. The electrons cross the interelectrode gap and are
collected by the collector. Heat is removed from the collector to maintain

its temperature sufficiently low that it cannot emit electrons. The
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collected electrons return to the emitter by flowing through the external
load circuit.

Three operating modes are presently of practical importance and must be
considered in a comprehensive review of potential systems.

1. Ignited Mode. Normal operation of a thermionic converter at practical
current densities requires that ions be generated in the interelectrode

space, typlcally accomplished by maintaining a low pressure cesium

discharge in that space. In this mode, voltage drop across the
discharge of about 0.5 volts is required, a substantial performance
penalty.

2. Unignited Mode. At high emitter temperature (22100 K) the ions can be

generated thermally at the emitter instead of in a discharge, resulting
in a much 1lower voltage 1loss (typically = 0.1 volt). This mode of
operation has seldom been tested Iin the U.S. because of the high

emitter temperatures required, but it has been studied extensively in

the USSR.
3. Quasi-Vacuum Mode. Operation with very close interelectrode spacings

(2)(10-3 - 1072 mm) eliminates the need for ion generation, reducing the

voltage drop across the gap to 0.1-0.2 volts. This operating mode is
effective at emitter temperatures as low as 1200 K. Until recently no
practical converters have been able to avoid electrical short circuits
between the electrodes in this mode, but the new SAVTEC converter

design at Rasor Associates has recently shown encouraging results.
nc a

A variety of analytical models of thermionic converter performance have been
developed. The most precise and detailed of these model the transport of
electrons and ions in the plasma, allowing accurate calculations of both
electrical and thermal behavior. These are designated as fundamental
models, eg. the 1ignited mode computer program, IMD-4, developed by Rasor
Associates, Inc. IMD-4 contains enough detail of the physical processes
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involved to be successfully used for exploring approaches to advanced
performance throdgh "computer experiments”, which have later been verified
by laboratory testing. Another important use of the models is to serve as a
basis of comparison in establishing the region of wvalidity of more

approximate calculational methods.

Idealized Model. The complexity and slow computing times of fundamental
models make them poorly suited for system design studies. In addition
separate computer programs must be used for each type of operating mode.
Consequently, several approximate converter models have been wused for
calculating performance in MCNSPS studies. The first of these is a variant
of an ideal diode model to which additional parameters have been added in
order to describe non-ideal effects. This model will be described here to
illustrate some of the relevant and important thermionic converter physics

and to illustrate a simple method to calculate performance.

The 1internal electron potential of an ideal thermionic converter, called a
motive diagram, is represented in Fig. 4.5.2.3. 1In the motive diagram ¢E
and ¢C are the emitter and collector work functions, respectively. They
represent the potential barrier which must be overcome by electrons 1leaving
the electrode. The output voltage V of the converter is the difference

between the emitter and collector Fermi levels.

Parametric analysis of a thermionic converter requires specifications of the

following parameters:

Emjitter Temperature, TE (K)
Collector Temperature, TC (K)
Current Density, J (A/cm?)

Arc Drop, Vd (eV)

Collector Work Function, ‘c (eV)
Current Attenuation Factor, FA

[~ SV B — S VS B L o

To calculate the diode output power with this model, the following steps are
taken. First, the desired output current density J is selected along with
the collector work function ‘C' the arc drop Vd, and the current attenuation
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factor FA‘ The temperatures of both emitter and collector must also be
specified. The ignited mode operation is characterized by Vg = 0.5 eV and
FA = 1.75. Unignited mode has Vd

correspond to space charge suppression by emitter surface ionization only.

= 0; but the value of J must be chosen to

Next, the collector back emission, JC is calculated from Eq. 1.
Jc = 120 TC2 exp(-éc/kTC) (A/cm?) (1)

Next an effective barrier height, ¥ is calculated:

2
120 TE

¥ = kT_1n [——- (2)
E (J+JCI-‘A

The output voltage of the operating point is then calculated:
Vo - W-¢C-Vd (volts) (3)

The thermal input power density P, , which 1{is comprised primarily of

in
radiative heat transfer and electron cooling of the emitter, is given by:

P, = 1.6x10'3

-12 4. 4 2
in JT + 1.1x107 7% (Tg4-T.) (W/em?) (&)

E

The efficiency of the converter at its output leads includes terms for the
electric output and thermal input along with other terms to account for
resistive voltage drops and heat conduction in the lead. Approximately 10%
of the input heat is conducted by an optimum lead and approximately 10% of
the electric power 1is lost by Joule heating in the lead. Thus, the
efficiency of a thermionic converter with optimized leads is given by:

0.9JV
(]
"TTTT1eE (3)
n

Fig. 4.5.2.4 and Fig. 4.5.2.5 show the output power density and lead
efficiency which can be expected for a thermionic converter with a collector

temperature near 900 K. Performance curves are given for a current density
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of 10 A/cm?, At high emitter temperatures, even higher current densities
are optimum. The effect of arc drop on performance is also shown. The
lower set of curves 1in each figure corresponds to an arc drop of 0.5 ev,
approximately that which characterizes present fully optimized converters
operating in the ignited mode. The higher performance set of curves

correspond to zero arc drop, which is achievable in principle.

In fact, converters have been demonstrated which operate with near-zero arc
drop. The close-spaced vacuum diode and the unignited cesium diode can
operate at practical power densities, but they presently require the
extremes of close interelectrode spacing or very high temperature

technology, respectively.

Phenomenological Model. The 1ignited mode has the greatest practical

importance in state-of-the-art thermionic conversion. This type of
operation at 1850 to 1950 K emitter temperatures, which are compatible with
long 1life Tungsten clad U0, fuel at high burnup, has been selected for the
baseline MCNSPS thermionic system. Lighter, more compact megawatt class
systems may be produced by using higher temperature unignited mode
converters, but a major breakthrough emitter evaporation suppression and in
nuclear fuel technology and venting would be required to achieve one to five
year operating endurance. Analysis of the ignited mode can be treated with
a more detailed model known as the phenomenological wmodel. The
phenomenclogical model has many characteristics of a correlation rather
than a fundamental theory, although the relationships in its algorithm are
based on physical principles. It has primarily been used in organizing
parametric results of well-established experimental measurements, design
studies, and systems analyses. Adjustable physical constants in the model
can be set to correlate with experimental data. The model then provides
good approximations of converter operating characteristics (i.e., current-
voltage (J-V) curves) over at least the range of parameter variations in
which the linkage of model assumptions to the experimental situation remains
valid. The capabilities of the phenomenological model to predict ignited
mode J-V curves are illustrated by Fig. 4.5.2.6a, in which experimental data
for various cesium reservoir temperatures (Fig. 4.5.2.6b) are compared with

values calculated by the phenomenological model.
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Subroutines which ' calculate ignited converter performance with the
phenomenological model have been written in various computer languages for
incorporation in systems analysis programs. This approach gives good

results for ignited mode systems only.

Thermionic Hardware Experience. Practical nuclear fuel driven thermionic

converters were very well demonstrated during the thermionic reactor space
power program of the 1960s. The longest converter life test was designated
LC-9, which was a cylindrical converter built and tested for NASA by General
Atomic as part of the in-core nuclear space reactor program. LC-9 operated
with electrical heating at an emitter temperature of 1970 K with stable
performance for over five years. As shown in Fig. 4.5.2.7, LC-9 had an
electrode efficiency of 17% and generated 8 W/cm? of output power (80
kWe/m?). The converter was still performing stably when tests were
terminated for programmatic reasons. This test well illustrates the long
life capability of the thermionic conversion process. The tungsten/ cesium
high temperature emitter combination forms an equilibrium system with no
known degradation mechanisms except emitter evaporation. At typical
converter operating conditions of 1850-1950 K Iin space power systems, such
evaporation (30 x 10'8m/yr at 2000 K) is unlikely to be a life limiting

factor even for a century of operation.

The primary failure mechanisms for the converter are electrode distortion,
which can cause a short circuit, and envelope leaks, which result in cesium
loss. Both problems can be accommodated by proper design. Leaks occur
typically at weld joints and more often at the ceramic-metal insulator-seal.
Extensive development essentially eliminated such leaks by establishing weld
and seal designs and fabrication practices for prototypical devices. Such
practices must be modified and verified for each substantially different
design, however. Fueled emitter distortion can also be controlled to a
tolerable level by design and fabrication practice if verified by testing

each new type of converter structure.
For in-core thermionic reactor designs the converter cell forms the fuel

elements for the core. In this case the reactor fuel elements may consist of

a series string of cylindrical thermionic converters, known as a TFE. The
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cylindrical emitter of each converter contains the wuranium fuel for the
reactor. Such thermionic fuel elements were highly developed in the United
States prior to termination of the space nuclear reactor power program in
1973. The primary life limitations encountered in in-core testing included:
emitter cracking and short circuits due to swelling of the fuel, diffusion
of carbide fuel components to the emitter surface with consequent
performance loss, and leaks in the alumina insulator seals due to fast
neutron damage. During the previous US program, lifetimes of prototypical
TFE's were regularly exceeding 8000 hrs. In-core tests of TFE’s with stable
performance had reached 11,000 hours by the end of the program. Joint
failures had largely been eliminated. Emitter swelling and radiation damage
to ceramic components were 1life 1limiting at 12,000 and 20,000 hours,
respectively, but a variety of approaches to solving these problems exist
now and are being pursued in the present SP-100 predevelopment program. The
longest life of an 1in-core thermionic converter was a thermionic fuel
element operated at the Nuclear Research Center in Karlsruhe, Germany for
31,894 hours -- 23,240 hrs at full power.

The two critical performance parameters for a TFE are power density and
efficiency. The bottom line for both is their value at the leads of the TFE,
where interconnections to other TFE's and the rest of the system can be
made. However, significant losses must be incurred in delivering power from
the surfaces of the emitter and collector to the TFE leads, and similarly,
thermal losses not assoclated with the emitter and collector surfaces exist
in every TFE design. These losses are very design dependent, and as a result
the performance of any particular TFE is a combination of two things: how
well the thermionic conversion function is accomplished between the emitter
and collector, and how well the TFE was designed to deliver this power to
its leads. Typically, lead electrical values will be, at most, 90% of the
corresponding electrode power due to voltage drops imposed by that portion
of the leads which connect directly to the emitter. Similar thermal losses
down the emitter lead set a celling on lead efficiency near 80% of electrode
efficiency. Any further losses are the result of design trade-offs and are

not imposed by physical limitations inherent to the converter.
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Some of the design trade-offs that must be made are the voltage drop caused
by conducting the current along the length of the emitter and the collector
versus the amount of material thickness in the electrodes. This voltage drop
can be made arbritarily small but the thicker electrodes displace fuel from
the reactor core and add mass to the system. The cell aspect ratio (L/D)
also affects the voltage drop. A typical compromise is to permit ~1-4% power
loss in the electrodes. Other voltage losses occur in the TFE interconnects
and the 1low voltage bus bars leading to the power conditioner. Again a few

percent voltage loss is typically permitted in a system design.

Design dependent thermal losses analagous to the electrical lead losses also
exist in every TFE design. Examples of these heat losses include conduction
and thermal radiation from the bottom of the emitter to the top of the next
cell, radiation from the top of the emitter through the emitter lead, and
radiation from the outside of the large emitter lead itself. The advanced
ThermoElectron G series design reduced these losses by using the bottom of
the emitter as an active electrode, putting this heat to work instead of
incurring the loss. Similarly, the G series uses a shorter emitter 1lead,
reducing radiation losses from that surface. The West German ITR design
carried this approach even farther by using an emitter lead that 1is both
narrow and short. Using these type of design features make it possible to
reduce the bypass heat to only a few percent. The cummulative effects of
such parasitic losses are to degrade the overall system efficiency from the
intrinsic electrode efficiency by about 25 or 30 % ( e.g. 18% electrode
efficiency yields 13% system efficiency).

The difference in performance that can be achieved in laboratory planar and
prototypical cylindrical converters must also be considered when assessing
the status of demonstrated TFE performance and the potential for
improvements. Much of the research work in thermionic conversion 1is
performed with converters that have small (~2 cm?) flat opposed electrodes.
These planar devices have uniform temperatures, uniform and easily adjusted
interelectrode gaps, and very well defined electrode areas. They can be
closely adjusted to give nearly fully optimized electrical performance, but
their thermal performance cannot be reliably measured because of external

radiation losses.
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Cylindrical converters can be designed to have a minimal radiation loss
problem, and thus they are used for efficiency measurements. However, input
power may not be applied uniformly to the emitter and, as a consequence,
there may be a variation in emitter temperature and current density over the
surfaces. Finally, uniform spacing between emitter and collector is
difficult to achieve. As a result the performance of a cylindrical converter
cannot be fully optimized, and it will always have a somewhat poorer average

electrode performance figure than the optimized value.

With these points in mind the data in Fig. 4.5.2.8 and Fig. 4.5.2.9 can be
used to assess the state of development of the cylindrical thermionic
converter in 1973 and today. The figures show the initial electrode
performance for a wide variety of in-core and out-of core TFE’'s and cells
built prior to 1973. All data have been normalized to optimized collector
and cesium temperatures. Typically the output power density increases with
current density, although at the lower temperatures (<1600 K) there 1s an
efficiency penalty above -6 A/cm?, At higher temperatures (>1800 K), one
must operate at or above 10 A/cm? to realize the highest efficiency.
Consequently data are shown for both 7 A/cm? and 10 A/cm?.

Also shown for comparison are performance data obtained in 1978 on two
cylindrical converters built at Rasor Associates, Inc. (RAI) for JPL, and
ThermoElectron data showing the average performance obtained in 1979 with
five heat pipe converters. The GGA converters, Fig 4.5.2.9, had tungsten
emitters, some with [110] and some with [100] orientation. Both niobium and
molybdenum collectors are represented. The RAI converter had rhenium
emitters and molybdenum collectors. In these converters a performance
ilmprovement was obtained using a structured (CVD-Re) emitter in one case and
a structured (grooved) collector in the other. The TECO converters had a
W(110) emitter and a sublimed molybdenum collector applied in a partial

pressure of oxygen.
The electrode efficiencies which are presently available are illustrated in

Fig. 4.5.2.10. The band shown encompasses the results from two structured
electrodes built by RAI for JPL in 1978. Also shown is an envelope of the
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best data from GGA. The longest stable TFE test, TFE-2E2, was also one of
the best performérs.

Efficiency, in addition to its dependence on emitter temperature and current
density, also depends strongly on collector temperature. The highest
performance converters typically have low collector work functions and begin
to lose efficlency at collector temperatures above 900 K (1160°F).
Converters with higher collector work functions and relatively 1low peak
efficiencies actually have superior performance at high heat rejection
temperatures, 1050 K (1431°F) and above.

Two things should be noted from these data. First, good and reproducible
performance can be obtained using cylindrical converters. For converters
with similar electrodes, output power differences of less that 10% are to
be expected. Second, the use of rhenium emitters and structured electrodes
provides a performance advantage, particularly at very high power densities.

This advantage corresponds to a 50 K increase in temperature at 7 A/cm? and
75-100 K at 10 A/cm?.

ame Variatio P e e

The reduction of converter efficiency with increasing collector temperatures
requires an optimization tradeoff with the radliator mass. The mass of
several 10 MWe system designs were calculated at various collector
temperatures and are shown in Fig. 4.5.2.11. The optimum system mass 1is
seen to occur at a collector temperature of about 1050 K. This optimum does
not depend significantly on the emitter temperature.

The thermionic power conversion module is shown within the shuttle envelope
in Fig 4.5.2.12. As with the Rankine system, the telescoping radiator can
be lifted up in a second shuttle launch and mated to the thermionic power

conversion module without welding.
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Cycle Configuration. The Closed Brayton Cycle (CBC) gas turbine alternator
space nuclear power system has the flexibility to be designed with a number
of different loop configurations. Each configuration 1includes different

combinations of gas and 1iquid metal cooled reactors and radiators.

Fig. 4.5.3.1 shows a one-loop Brayton system. In this configuration, the
reactor is gas cooled. The reactor coolant 1is the turbo-
compressor/alternator working fluid and 1is also the fluid which flows
through the radiator. This configuration requires the least number of
components and is the most simple design. The entire loop, and not just the
turbo-compressor/alternator ducting, must be sized to minimize pressure
drop. This results in large diameter ducting and components throughout the
system. Since the volumetric heat capacity of a gas is significantly less
than that of a liquid, relatively large piping/ducts are required. To
protect those large areas of exposed ducting requires generous quantities of
armor which leads to high welights. Particularly wvulnerable to puncture 1is
the radiator. In a one-loop configuration, a single puncture anywhere in
the system would cause a complete loss of reactor coolant and turbo-
compressor/alternator working fluid. Even if paying the armor penalty were
acceptable, the existance of a half-acre of wvulnerable, single point

failure, surface area is not acceptable.

A three-loop arrangement is shown in Fig. 4.5.3.2. 1If there are redundant
loops within the radiator loop, the puncture of a radiator only partially
compromises the capacity of the radiator alone. The reactor coolant and
turbo-compressor/alternator 1loops are unaffected. The three-loop concept
permits use of optimum heat transfer and low pump power liquid metal fluids
in the reactor and radiator loops. Three loops also minimizes loop
piping/duct sizes, since pressure drop is dependent only on the components
and piping within that particular loop. The disadvantages of the three-loop
concept are that it is the most complex and results in a 1lowering of the
effective radiator temperature because of the temperature drops across each
of the heat exchangers; and the heat exchanger between the reactor and

turbo-compressor/alternator loops must operate above the turbine inlet
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temperature. Thip heat exchanger and the hot primary loop circulating pump,
will probably constitute the least dependable components in the system.

The two-loop configuration 1is depicted in Fig. 4.5.3.3. The high-
temperature heat exchanger and circulating pump between the reactor and the
turbo-compressor/alternator loops has been removed. This necessitates a
gas-cooled reactor, since the reactor coolant 1is also the turbo-
compressor/alternator working fluid. As was pointed out in Volume II, there
is a weight penalty for wusing a gas-cooled reactor for long endurance

applications.

For a given reactor geometry and output level, pumping losses are large in a
gas-cooled system relative to those in a liquid metal-cooled system, because
the low volumetric heat capacity (cal/cc-C) of gases requires the pumping of
large volumes of gas. The large pumping loss in turn requires a higher
reactor gross output to compensate for the 1loss. Even at equal power
ratings, the gas-cooled reactor core and vessel are larger (and heavier),
and the ducting is larger than comparable liquid metal piping. Some of the
weight gain realized in a gas-cooled reactor/two-loop concept is compensated
by the weight saved by eliminating the high temperature heat exchanger and
pumps. Elimination of the heat exchanger also reduces the reactor
temperatures some 200 K, which substantially influences reactor and fuel
life, reliability and mass. Or conversely, it permits raising the turbine
inlet temperature some 200 K for the same reactor temperature limits. 1In
addition, the reactor corrosion temperature limits of an inert gas-cooled
reactor might be some 200 to 400 K higher than a liquid metal cooled

reactor. Thus, a gas-cooled reactor might produce turbine inlet
temperatures of some 1800 K whereas a lithium cooled reactor might produce

gas turbine inlet temperatures of only 1400 to 1500 K.

Working Gas. The selection of a working gas in the direct Brayton cycle,
which uses the turbine working fluid to cool the reactor as in the one-loop
configuration is a compromise between heat transfer and turbo-machinery
performances. He-Xe gas mixtures seem to offer significant advantages over
single-gas selections. The He-Xe mixture has a very low Pr number, in the

vicinity of 0.205. This is much lower than monatomic inert gases and is a
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measure of good heat transfer performance. Using a high molecular weight
He-Xe gas mixture (effective molecular weight of 40) also makes the turbo-

machinery less complex (fewer stages).

Pressures. Although heat transfer and power density would both be 1improved
by 1increasing the operating pressures, containment of the high pressure
gases with components at high temperature usually requires a practical
pressure limit. The maximum system pressure (compressor exit pressure) will
be limited in this study to =68 atm (1000 psia). The compression ratio can
be varied for optimization, but most closed Brayton cycle He-Xe space power
systems optimize with a value of approximately 1.8 to 2.2. The CBC s
particulary adaptable to operating at part load if gas can be summoned from

the system to reduce pressure.

Electric Output. A particular advantage of the Brayton cycle, common to
other dynamic systems, is the ability to generate A.C. electric power over a
range of desired space system voltages, thus reducing the requirements for
large switching power conditioning systems required for voltage
transformation. Furthermore, the electric generating components can operate
at higher temperatures than would be possible for a solid state power

conditioning system.

Reliabjlity and Modularity. Long-term reliability of rotating machines at

high temperatures is always a question. Good reliability of Brayton systems
with relatively low temperatures on the bearings and other critical areas
has been demonstrated. However, at the required operating temperatures for
high power MCNSPS, bearings must yet be demonstrated. It 1s anticipated
that multiple counter rotating turbo-generator units would be required for
mission confidence and torque balancing. For an overall power level in the
1 to 10 MWe range, turbo-alternator units of 1/4 to 2.5 MWe would be used.
If the units are properly arranged, increased pressure and power output of
surviving wunits can compensate for the failure of a single turbo-generator

unit by providing auxilliary high pressure gas bottles.
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Temperatures. The ‘turbine inlet temperature is governed by the materials
used for the first stage of the turbine rotor. Fig. 4.5.3.4 shows the
temperature ranges, suggested by the Garrett Corporation, associated with

three major types of turbine materials: superalloys; refractory metals;

ceramics.

Mathematical Description. The principal components and temperature-entropy

cycle for the single loop Brayton system are shown in Fig. 4.5.3.5. At low
radiator temperatures x relatively high cycle efficiencies are possible for
the Brayton system, upwards of 35% [l1], and the cycle can obtain a fraction
of ideal Carnot efficiency equal to 0.4 - 0.45. However, these high
efficiencies are only obtained with a high Carnot efficiency at low heat

rejection temperature with large radiators.

Analysis of a recuperated Brayton cycle requires the following parameters to
be specified:

Peak cycle temperature (Turbine Inlet), T, (K)
Minimum cycle temperature (Compressor Inlet), Tc (K)
Turbo-alternator efficiency, nr

Compressor efficliency, n

Recuperator effectiveness, 7§

Specific heat ratio of the f%uid, k

Compression ratio, P,/P,

Low temperature pressure loss, AP,/P,

High temperature pressure loss, AP,;/P,

WO~ P WA

The compressor outlet temperature, T, is found by

T, = T, [1 + ﬁ; [P,/r,] 5l i;] .

The turbine outlet temperature T, is calculated from

1 + AP, /P, ] kkl }

Te =Ty - 0Ty { - [ P,/P, (1 - AP,/P,)

The regeneration temperature, Tx, is obtained from

T, = Tang + Ta(l-ng) ©
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These temperatures arée used to calculate the cycle efficiency:

(Ty - T¢) - (T, - Ty)
"cycle = (Ty - Tx)

Calculated Results. The calculated efficiency of a Brayton cycle, using the
methods described above, 1s shown 1in Fig 4.5.3.6. Both the device
efficiency and the overall cycle efficiency for a Brayton system increase
rapidly with the peak cycle temperature. However, if the lowest temperature
in the cycle is raised from 300 K to 900 K, there is a drastic decrease in
the system efficiency. This is a significant disadvantage for a high-power
space system, because maximum power in a reasonable boost vehicle demands
compact radiators using high temperature heat rejection. The Brayton cycle
is relatively sensitive to the heat rejection temperature increase compared

to other systems.

The curves in Fig. 4.5.3.6 are based on an example case, which was
calculated |using the estimated values of compressor, turbine, and
regenerator efficiencies as shown on the Figure. The system efficiency 1is
sensitive to these parameters as well as the pressure losses. The
performance analysis of any actual system would require values of component

efficiencies and pressure losses appropriate to the particular case.

Probable Operating Regime. A preliminary analysis of a thermal conversion

cycle, solving for electric power generated (Pe) divided by the radiator
area required (AR) is found using

4
neoTe®  (kie/m?)

o o™

l-n
where: n = cycle efficiency € = emissivicy
o = Stephan-Boltzmann TR = heat rejection temperature
constant

The cycle efficlency used in the above equation 1is obtained from the

previous mathematical relationships. The results of this calculation are
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shown In Table 4.5:3.1, where the values of Pe/AR are printed in a matrix
of temperatures representing the turbine inlet temperature and the
compressor inlet temperature. The indicated zones on this figure are

expected operating regions for the Brayton cycle in a space power system.

The data in Table 4.5.3.1 were generated by using efficiencies calculated
with the component performance and pressure loss parameters shown in Fig.
4.5.3.6. Turbine and compressor efficiencies tend to be higher for larger
machines, because the flow losses and leakage around the blades is a smaller
fraction of the total power. As a consequence, turbo-alternator
efficiencies of .9 and compressor efficiencies of .86 are achievable with
larger units in the megawatt class. High pressure operation will help
reduce the pressure loss in the heat exchange portions of the cycle,
however, maximum compressor outlet pressure was limited to ~1000 psia in
this study. The regenerator effectiveness depends on a trade-off between
massively 1large heat transfer area and performance. Nevertheless, it will
be necessary to ensure that the pressure drops are maintained small, and
values of AP/P = 8% were used in the primary loop.

A particular feature shown in Table 4.5.3.1 is that the Brayton cycle has a
distinct maximum heat rejection temperature for a given hot side
temperature. The loss in the fraction of Carnot efficlency as the heat
rejection temperature 1s raised 1is responsible for producing the maximum
value in Pe/AR. This behavior for the Brayton cycle is in contrast to other
systems, which tend to develop a relatively constant fraction of the Carnot
efficiency. This indicates that high power Brayton Systems must have a
relatively low temperature radiator with a 1large area; and hence, a
deployable, very lightweight heat-rejection system may be necessary.

As shown in Fig. 4.5.3.4, using present day superalloys, turbine inlet
temperature is limited to = 1144 K (1600°F). As seen in Fig. 4.5.3.6 a peak
cycle temperature of 1144 K limits the radiator temperature to no more than
=600 K with a cycle optimum being reached somewhere below this. A high
radiator temperature rapidly degrades cycle efficiency while low radiator
temperatures increase the size of the radiator necessary to reject the waste

heat. Maximizing the value of kWe generated per m? of necessary radiator
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(kWe/m?) will locate the point of minimum radiator area. At a turbine inlet
temperature = 1144 K, the Brayton system optimizes at T = 500 K, operates at
a cycle efficiency of 208, and would require a radiator area of = 14,250 m?
(=3.4 acres) in order to reject the 40 MW of waste heat. It is doubtful
that any of the several heat rejection systems studied has the capability to
deliver this required area in one or even two shuttles with the accompanying
power conversion hardware. From this preliminary exercise, it is concluded
that turbine inlet temperatures that exceed the material 1limits of
superalloys will be required.

The Garrett Corporation was subcontracted to perform a computerized
parametric analysis of a 10 MWe Brayton space nuclear power system. Garrett
used an 1in-house, proprietary computer code which 1incorporates their
extensive knowledge and experience in the Brayton cycle. Fig. 4.5.3.7 shows
the ranges of major variables used in this analysis. The types of output
information obtained from this analysis are shown in Fig. 4.5.3.8. Using
this information from Garrett, the equations described in the Mathmatical
Description portion of this section were used to determine intermediate

cycle temperatures.

System weights were computed by combining the output from the Garrett
computer code with the reactor, radiator and other miscellaneous data
assembled by SPI. Fig. 4.5.3.9 compares the system weights of 1500 K and
1800 K turbine 1inlet temperature designs with varying recuperator

effectiveness.

It 1is 1interesting to examine the 1800 K results. Fig. 4.5.3.10 shows the
component weight breakouts of the three cases analyzed at 1800 K.
Essentially the system which 1s 1lightest 1s the one with the lowest
combination of radiator and recuperator welights. In comparing the 95%
recuperator case with the zero recuperator case, the radiator weights are
nearly identical. Although the zero recuperator has more heat to reject, it
does so at a higher average radiator temperature. With radiator weights
approximately equal, the 2zero recuperator has a significant weight

advantage, since it doesn’t have the weight assoclated with a recuperator.
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The zero recuperator .and 95% effective recuperator are at opposite ‘ends of
the spectrum. At the recommendation of Garrett, an 80% recuperator case was
also analyzed. This case tends to bring out the advantages of both extremes
and results in the lowest system weight. Because the recuperator is only
80% effective, it is much smaller than the 95% effective unit. It does,
however, reduce the amount of heat which must be rejected and results in an
average radiator temperature somewhere between the 0% and 95% effective

recuperator cases.

Although not at the optimum compressor inlet temperature, Fig. 4.5.3.11
shows a comparison of cycle temperatures, cycle efficiency, reject heat and

recuperator heat for the three degrees of recuperation; 0%; 80%; 95%.

Fig. 4.5.3.12 shows component weight breakouts for two cases at 1500 K
turbine inlet temperature. Again the 80% recuperated case is lighter than

the zero recuperator case.

The number of shuttles necessary to launch the systems discussed is shown in
Table 4.5.3.2 and 4.5.3.3 for 1800 K and 1500 K turbine inlet temperatures,
respectively. As is shown, the optimum 1800 K system requires three
shuttles while the 1500 K system requires 5 shuttles. At 1800 K turbine
inlet temperature, 80% recuperation and a compressor inlet temperature of
556 K or 667 K, the entire power conversion system can be fit into one
shuttle. This includes the reactor, turbo-compressor alternator,
recuperator, piping, structure and miscellaneous. The heat exchanger and
radiator require an additional two shuttles, not only from a weight
standpoint but from a packageability standpoint. The power conversion
system, packaged into the shuttle, is shown in Fig. 4.5.3.13.

Using the case of 667 K compressor inlet temperature, Table 4.5.3.2 shows a
required radiator area of 2022 m?, This area 1is calculated from the
requirement to reject 38.0 MWt of heat over a temperature range of
1015 K-642 K (AT across heat exchanger = 25 K).

The wide range of the heat rejection temperature eliminates the possibility
of using the telescoping type heat pipe radiator. Heat pipe working fluids
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used at the 1low end of the heat rejection temperature range do not have
sufficient axial heat carrying capacity (kW/cm?) to efficiently operate in
the long heat pipe telescope-type of arrangement. The Brayton cycle matches
quite well with the triform-type of heat pipe radiator, which wutilizes

several working fluids over a broad temperature range.

The system uses two coaxially-run pipes. The outer tube carries NaK out to
the heat pipe evaporator sections and the inner pipe provides a return. As
the NaK fluid temperature drops, due to sensible heat loss, the heat pipe
working fluids and envelope are changed. Fig. 4.5.3.14 and Table 4.5.3.4

demonstrate these effects.
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4.5.4 Megawatt Class Stirling Cas Engines for Space

Introduction. Free Piston Stirling gas engines coupled to linear actuated
alternators have an advantage for space application because they can be made
to have a high efficiency, and designed to operate between any temperatures
for which suitable construction materials can be found. However, very high
powver engines operating at the high temperatures required for megawatt class
electric power systems have never been approached in Stirling engine

technology.

In this section the range of suitable Stirling engine design is discussed
and conceptual designs using first order design methods are presented to
determine the approximate size of the machines and show the effect of
temperature. A computer program, developed at Martini Energy Co. for design
of free piston Stirling engines is used for these analyses. Based upon the
first order designs, iterative methods, which have been specially modified
to determine the approximate size and weight of the engine and the electric
generator, are applied. Approximate optimization is done to determine the
best design for each temperature 1level and frequency of operation, and
critical endurance and reliability requirements are discussed. Finally,
conclusions on this system, as it applies to the MCNSPS performance

requirements, are given.

Stirling Engine Systems
General Requirements. As in the cases of the previous systems, the Stirling

engine systems are in the 1 to 10 MWe range and are to have a 5 to 10 year
life. This means that most common Stirling engine designs, which use
mechanical seals, would not be suitable. Gas bearings, which also act as
seals, would be suitable. Also, flexures which act as bearings and seals
might be wused at low temperatures. Because of the high neutron and gamma
ray fluxes that are expected in the vicinity of the Stirling engine-
generator, lubricants made from oils or plastics like Teflon are to be
avoided. Also the electrical insulators must be ceramic for the purpose of
radiation hardening as well as for high temperature operation. 1In order to
fit within the power range requirement, the engine hot temperatures must be
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in the range from:1300 to 1600 K. These temperatures are dictated by the -
maximum practicai temperature for the lithium cooled nuclear reactor with
consideration for a reasonable temperature drop in the liquid metal pumped
loop leading to the engine. It 1is also required that the heat sink
temperature of the engine be in the 800 to 900 K range. This temperature is
dictated by the radiator size and weight and a reasonable temperature drop

in the heat pipes needed to transport the heat.

Long Life Engines. A Stirling engine generator system has been built and
operated for over 8 years using a radioisotope heated electric power source
(41,42). Fig. 4.5.4.1 shows the concept [43]. Note that the power piston
is a cold diaphragm which 1is attached to the armature of an oscillating
electric generator. The displacer is supported by a spring (not shown).
Because the entire machine 1s spring supported, the displacer picks up
enough energy from the oscillation of the engine to keep the displacer
oscillating properly. By paying proper attention to the fatigue limit, Mr.
Cooke-Yarborough and his colleagues at Harwell have been able to attain at
least 8 years 1life, with an efficiency much better than thermoelectrics.
With their latest design they plan to produce 183 W of AC power from 1216 W
of heat 1input at 819 K input temperature and 300 K sink temperature. This
gives an efficiency of about 15%. This group has demonstrated the lifetime,
but neither they nor anyone else has demonstrated the power output at the
temperatures and power densities needed for megawatt scale Stirling engines
fad]. A small, 1lower temperature, 3 kilowatt Stirling free piston engine
built by Mechanical Technology Inc. (MTI) of Latham New York has been
working at NASA-LERC for several thousand hours over the past year.

High Efficiency Engines. There are a number of possible US developers of

high efficiency, free piston, Stirling engines with linear alternators that
have a chance of also being light weight and long life. They are:

Sunpower Inc., Athens, Ohio

Mechanical Technology Inc., Latham, New York
Energy Research and Generation, Oakland, Calif
General Electric Company, Valley Forge, Penn.

[V, IV I I

Martini Engineering, Richland, Washington
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In addition, the NASA-Lewis SP-100 office has assumed a management role in
developing Stifling engines for space electric power. The in-house
programs, as well as contracts with the above contractors and others are
making active progress toward a goal of a 25 kWe size power source with a
thermodynamic cycle efficiency of 70 percent of Carnot, temperature ratios
on the order of 1.8 to 2.0, and a power conversion specific weight of 6
kg/kWe. The engine will use non-contacting gas bearings and a dynamically
balanced system [45].

The basic SP-100 Stirling cycle program is predicated on a heat input
temperature of 900 K, in order to utilize the LMFBR reactor technology. SP-
100 would require five, 25 kWe engine-generators, each about a foot in
diameter and 4 feet long. Initially it 1is planned to operate with a
temperature ratio of 2, which translates to a heat rejection temperature of
450 K and a Carnot efficiency of 50%. An overall efficiency of 32% may be
possible although 25% is expected. The latter is comprised of an efficiency
of 67% of Carnot, a mechanical efficiency due to gas spring losses of 85%,
and an alternator efficiency of 90%: (.50) (.67) (.85) (.90) x 100 =25.6%.

An SP-100 advanced program that would utilize a 1325 K Nb-12Zr reactor, Na or
NAK cooled, is being considered. The engine temperature inputs would vary
from 1200 to 1300 K. Gas operating pressures to 17 MPa (2500 psi) are being
planned. Frequencies of 100 to 120 Hz are anticipated in order to achieve a
maximum of 6-8 kg/kWe for the engine-alternator. The refractory metals Nb-
1Zr, Cb-103 and FS-85 are being considered for cylinders. The engine
temperature ratio 1is expected to be 1.8 to 2.0 for an average engine sink
temperature of about 650 K and an average radiator temperature of about 600
K. A separate cooling 1loop may be required to cool the permanent magnet
alternator to 500 to 550 K.

Suppower. Although Sunpower Inc., of Athens, Ohio has not demonstrated very
long life, they have built large, high efficiency engines that may be
capable of attaining high efficiency and long life in a space environment.
They have built and tested 1 kWe and 10 kWe machines. Their best 1 kWe
machine, shown iIn Fig. 4.5.4.2, attained an efficiency of >32% heat to
mechanical energy at >1250 watts output with helium at 7 MPa. The heat
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source temperature was 923 K, and the heat sink temperature was 303 K. The
testing was donelindependently at NASA-Lewis [46]. Sunpower has built a 20
kWe engine with a linear alternator load that has a projected efficiency of
44%, 1t operates at 50 Hz, employs 20 bars of helium pressure, and welghs
150 kg. It is designed to be solar heated [47]. Currently it is in Germany
under test with a solar concentrator [48). Sunpower 1is wusually designing
for low cost. However, for long life systems they plan to use rotating as
well as oscillating parts to create a gas lubricated journal bearing and
seal with no check valves needed. Sunpower is a contractor on the SP-100

program.

Sunpower has been working with free piston Stirling engine generators using
their best technology to develop an efficient and light weight 1linear
electric generator. The best that they have been able to do is 8 kg/kWe at
60 Hz with an efficiency of 90% at room temperature. The specific weight of
the generator 1is approximately inversely proportional to frequency.
Increasing the temperature above the normal 300 K range would greatly
increase the system weight, particularly of the generator, if it is based
upon a permanent magnet. They feel that 1 kg/kWe specific weight is simply

not possibie, even at room temperature [49].

Sunpower will be designing a 25 kWe engine generator for the SP-100 program
managed by NASA-Lewis. The goal is a 930 K heat source temperature of 564 K
and a radiator at nearly 550 K. A 6-8 kg/kWe specific weight and an overall
efficiency of 25% is required [50].

Mechanical Technology Inc., (MTI). This company has a program to develop a 3

kWe free piston Stirling engine-linear generator for the Army. They have 4
or 5 engines of this type under test on various programs. This Army power
source 1is designed for 60 bar helium pressure and 60 Hz. It is expected to
produce 3.1 kWe at 17.1% overall efficiency. The machine 1is heated by a
diesel fuel burner. Fig. 4.5.4.3 shows the current concept.

MTI has a contract with NASA-Lewis on the SP-100 program to design and build

a 25 kWe engine-generator. It will operate at 120 Hz and have an overall
specific weight goal of 6-8 kg/kWe. The design heat source temperature {is
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1100 K from a liquid-'metal loop. The design heat sink temperature is 450 to
550 K in the form of a heat pipe. However, the first engine they will build
will have a heat sink temperature of 120 °F (322 K) and a heat source
temperature of 644 K. The practical 1limit for permanent magnet linear
generators 1is considered to be 550 K. The barrier to going to higher
temperature is the rapid loss in magnetism of all known permanent magnet
materials (51}.

Energy Research and Geperation (ERG). Advanced high efficiency, low weight

engine generator sets suitable for space electric power are being designed
by ERG. To achieve full dynamic balance for their 25 kWe power source, ERG
plans to use three in-line electrically driven displacers operating two
opposed double acting power pistons that are integral with the permanent
magnet plungers of the linear alternator [52). Fig. 4.5.4.4 shows this
concept. The central displacer has twice the mass of the two outside
displacers. An electric motor drive moves the central displacer down while
the two outside displacers are driven up. Therefore, there is balance in an
up and down direction without any additional mechanism. During this part of
the cycle there is a larger pressure between the power pistons than outside
them, They are thus driven apart, balancing each other without any
additional mechanism. On the return stroke complete balance 1s also

maintained.

In connection with the electric generator, ERG has been attempting to
produce a linear electric generator with a specific weight of 1 kg/kWe since
1973 [53]). ERG states that it is possible to do this by "eliminating back-
iron and using a wrapped toroidal core and permanent magnets with field coil
control.” ERG now has a contract with NASA-Lewis to investigate the design,
fabrication, testing, and demonstration of a light weight, high efficiency,
compact linear alternator for free piston Stirling engine (FPSE) spacepower
conversion systems. To quote the abstract [54): "Based upon preliminary
analysis, the linear alternator concept, when successfully developed and
mated with a dynamically balance FPSE, offers a space-qualified electric
power plant having potential specific weights of 1 kg/kWe and an overall
bus-bar efficiency of 45% using 1500 K heat input by lithium heat pipes and
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750 K heat rejection by potassium heat pipe radiators. " The permanent
magnet alternator must be separately cooled to 550 K.

The use of an electric drive on the displacers makes it possible to turn the
engines on and off easily. This would be important in a space electric
power source where spares could be installed and could be turned on or off,
as needed by the controller. Both MTI and ERG have found that the use of an
electrically driven displacer is the best way to control the engine, to get
90 degree phase angle for the most power, and to force a particular

frequency if desired.

ERG claims that their engine will operate at 84% of the theoretical maximum
Carnot efficiency. Others claim about 75%. However, the big difference 1{is
in the power density of the linear alternator. ERG claims 1 kg/kWe for a
high temperature machine. Others claim 8 kg/kWe for a 1low temperature

machine but are contracting with SP-100 for 6 kg/kWe high temperature
machines. It appears that ERG has never been funded adequately to reduce

their advanced ideas to deliverable hardware. However, component models and
laboratory tests are encouraging. The ERG "thermizer" heat source and heat
sink engine heat exchanger is novel, promising (at low operating pressure),
and may permit fairly high frequency lower pressure operation.

ERG's proprietary novel linear alternator appears to be feasible, and is a
technology advancement that must be achieved before free-piston Stirling

engines can be seriously considered for multimegawatt application.

Martini Engineering. Martini has patented a new type of Stirling engine
that uses a displacer with three layers. These layers act as heater,

regenerator, and cooler. An advantage that would be important for space

applications is the ability to operate at high frequency.
Fig. 4.5.4.5 shows the Martini concept as it would be applied to space

electric power. A pair of these engine-generators would be positioned

opposite the liquid metal pumped loop from the reactor.
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At rest, the flexures, which are a series of leaf springs, support the three
layer displacer at mid-stroke. At rest, leaf springs also support the power
piston at mid-stroke. A floating 1labyrinth seal 1s used on both the
displacer and power piston.

The power pistons compress gas. The gas compressor has interleaving fins in
it so that the stationary side of the engine not only removes the heat of
compression but also cools the power piston. The power piston gets the
waste heat out of the engine by contacting the cooling 1layer of the
displacer during part of each cycle. The cooling layer of the displacer is
a perforated metal plate or a porous metal plate which collects the waste
heat from the working gas of the engine as it passes through the plate.

A displacer drive piston passes through the power piston. This piston
drives the displacer in the same way as is used in the usual free piston
Stirling engine. However, in the usual free piston Stirling engine the
displacer has to be carefully controlled so that it does not hit either end.
In this concept the displacer must hit both ends to work properly. A
snubbing action {s built into the displacer so that it does not impact
destructively.

During the time contact is made, the cooler layer is cooled by metal-to-
metal conduction and by conduction across a very thin gas layer. During no
contact, the cooler layer cools the gas that flows through it. This cooler
has a much larger number of short but fine flow passages which transfer the
heat with 1less flow loss than the usual cooler in a Stirling engine. The
usual cooler is a shell and tube heat exchanger.

The heater layer must also spend some time each cycle close to, or touching,
the hot plate. The heater layer is heated by metal-to-metal conduction and
conduction through a very thin gas layer. The regenerator layer performs
the usual function of storing heat as the gas moves back and forth and of
insulating the hot space from the cold space. It has a much larger flow
area than the usual regenerator. If needed, it can be convoluted for
additional flow area and shorter flow path.
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On the other side of ‘the power piston is a gas compressor. The compressor
is designed to have a large heat transfer area to volume ratio. The
stationary fins in the compressor absorb the heat of compression as well as
the waste heat from the engine. Two engines back-to-back will balance each
other, even when they start out of balance. It was found by computer
simulation that with the addition of equalizer tubes, connecting the working
gas spaces and the gas pump spaces that are within one cycle, the two parts

synchronize even when they are made to start off unsynchronized.

A palir of engine-pumps could operate a high speed hydraulic and a rotary
electric generator. This rotary generator will be much smaller and lighter
than a linear generator. A control in the turbine could be used for speed
control. Another pair of engines operating another turbine and generator
could be made to spin in the opposite direction to cancel out the gyroscopic
effect. A bonus is that the expanding gas from the turbine would be cooler
than the radiator. This gas would be used to keep the rotary generator cool
for better operation at no increase in complexity. Also the turbine
generator would be smaller and lighter than the linear alternator ever could

be, because it moves continuously at a much higher speed.

It should be emphasized that there are many untried ideas in this concept.
However, the basic concept of the engine acting as a pump to operate a
common generator is a viable concept worthy of future evaluation. Because
of time 1limitation, nothing more can be done with this untried concept in

this report.

Multimegawatt Conceptual Design. In summary of the state-of-the-art, no

Stirling engine presently exists that has the demonstrated 1life, powver

level, power density, temperature ratio, pressure, high temperature
operation, or use of materials that would be required in a megawatt class
engine system. In separate machines, the desired levels of lifetime and
efficiency have been demonstrated as described above, but at low

temperature, power level, power density, and at high temperature ratio. As
a result, in order to evaluate the potential for Stirling engine use as a
multimegawatt space power engine, an entirely new conceptual design was

generated.
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The Martini Engineering Company Stirling engine computer program developed
for NASA-LERC and Argonne National Laboratories was utilized for this new
design. The engine will be heated by liquid lithium from the reactor and
cooled by NaK to a radiator. In order to achieve attractive radiator size
and to be able to utilize effective potassium vapor heat pipe (800 K)
radiant heat dissipation, engine cold end temperatures should be at least
900 K.

To achleve 70 to 75% of Carnot efficiency from a free piston Stirling engine
alternator system, the ratio of hot to cold engine surface temperatures,
(TH/TC), must be at least 1.8 to 2.0, Consequently, the reactor 1lithium
must be 1600 to 1800 K. Due to an expected limit of about 1600 K for
refractory metal systems containing lithium systems, and the high expected
Stirling engine pressures of several hundred bars (1000's of psi), 1600 K

was the highest engine temperature examined.

Power Density. To build a competitive multimegawatt class Stirling engine
power source for space, the pressure and speed limits must be extended as
far as possible, since power output is proportional to both pressure and
speed. As pressure is increased, more heat must be transferred through the
same area because there is more mass in the working fluid. As speed is
increased, there is less time to accomplish the heat transfer. One must
include the -electric generator in the mass and power optimization, because
the electric generator is by far the most massive part of the system. The

mass of the electric generator goes down rapidly as speed increases.

Engine Power Level. The requirement is for 1 to 10 MWe and it would seem
reasonable to accomplish this with from 4 to 40 cylinders, or about 250 kWe
per cylinder. The only large Stirling engine study funded in recent years
was done by three contractors and supervised by ANL [14]. This was for a
500 to 3000 hp coal fired, electric power source. These contractors,
General Electric, Advanced Mechanical Technology Inc., and Foster-Miller
Associates, picked between 65 and 105 kWe per cylinder. There is no
increase in the size of the heater or cooler tubes, just their number. The

flow area of the regenerator increases without increasing its length.
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High Temperature Technology. High temperature operation for Stirling

engines is quite new technology. United Stirling has been considering using
ceramics to increase power density and efficiency and reduce costs since at
least 1977 ([55]. The Japanese have great hopes for a ceramic Stirling
engine [56]. The Air Force is currently sponsoring work in this area ([57].
Although all this work concerns high temperature, it is not applicable. The
ceramics, like silicon carbide and silicon nitride, will take temperatures
much higher than the 800 °C (1073 K) limit for air compatible metal alloys,
but they are incompatible with alkali metals which will be used in the space
power system. Also the high power density and the high efficiency result
from having a low heat rejection temperature. The desired heat rejection
temperature of 800 to 900 K for space power systems is only slightly less
than the usual heat input temperature for a terrestial Stirling engine.
Thus, the comparatively high efficiency and power density would not be
realized.

Refractory metals must be used to be compatible with the alkali metal that
adds and removes the heat, and to have enough strength to be wuseful.
Fabrication technology development will be a major task of any development
program. General Electric [58] 1s studying CVD-tungsten coated silicon
carbide parts for an automotive Stirling engine design concept for NASA-
LERC. Heat addition would be by means of lithium heat pipes. Testing of
refractory metal engines must be done in a very good vacuum to simulate

space conditions and to keep the refractory metals from oxidizing [23].

Reference Design Concept. An engine concept somewhat similar (an

extrapolation) to the SP-100 FPSE concepts was chosen. Preliminary analysis
indicated that utilization of known refractory metal creep properties led to
very thick and heavy cylinder walls, creating an excessive thermal short
circuit from the hot to the cold end of the engine. As just mentioned,
ceramic engines could not be used because of their long term incompatibility
with 1liquid 1lithium. As an alternative possibility, graphite or silicon
carbide fiber is assumed wound around a tungsten, tantalum or molybdenum
thin-walled cylinder, and CVD-tungsten, tantalum or molybdenum is assumed
deposited between layers of fiber wrap. Some 2400 small, u-shaped tungsten
or molybdenum tubes would h;ve to be installed through the fiber wound
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layers of CVD-W to provide for lithium heat transfer to the helium working
fluid. Similar u-tubes are required for heat rejection to a deployable NaK
loop radiator, about 1/2 acre in size. The economizer was incorporated into

the displacer piston. See Fig. 4.5.4.6 for a cylinder layout.

Table 4.5.4.1 presents a typical computer input-output from the design
study. From this table note that:

Efficiency. The overall efficiency 1s the gross electric power divided by
the total heat to the engine. 1t does not include insulation losses outside

the engine or system pumping, transmission or control losses.

Temperatures. The assumed input temperature 1is 1600 K on the ID of the
heater tube. Based upon the heat flux through the heater tubes, the
temperature differential across the heater tubes is calculated to be only
1.84 K. To this must be added the film drop in the liquid metal. On the
helium side, a gas temperature of 1569 K 1is assumed to be constant
throughout the cycle. This temperature is determined by iteration until the
heat that can be transferred is equal to the heat that must be transferred.

The same considerations apply on the cold side.

Weights. Weights are determined directly from the volume of the metal and
its density. The hot parts are calculated on the basis of Astar 8llc at a
density of 16.8 g/cc. The alternator is assumed to have a lumped density of
7.0 g/cc. The specific weight of the alternator is assumed to be inversely
proportional to frequency. The assumed 8 kg/kWe at 60 Hz and 300 K is known
to be about the state-of-the-art based upon a survey of those who have
designed and built them. However, if the engine can be made to run at 240
Hz, the specific weight of the alternator would be only 2 kg/kWe.

Lengths. The overall 1length of the Stirling engine system, consisting of
one engine, alternator and bounce space (dominated by the alternator length)
should be somewhat less than 2 meters. Two of these systems must be
installed in 1line and not exceed the &4 meter width of the shuttle
compartment. To a first approximation, the length and the diameter of the

engine system are related to the working gas volume of the engine, which in
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MARTINI STIRLING ENGINE CODE

INDEPENDENT [INPUT VALUES

Prosram control perametersi
Case nusober aetined nr oPerator,
Oreenic cotiOn @=N0: 1™Ves: caea.

Conv. criveria (Frac. Chanse (1N INYERIAIS, Januua . B0I000

Numspef! Of Lime stevs Per CrcCle. 24
Envsine cperating conaitvi.ons?
Averase wlInine sS4y PBressulre. bar «08. 020
netai teuperature 0f 943 heatelr: Kooa o caeceaa.. 1600.00
Netal Temberature 0 343 cooler. K 90a. 00
Pressure vessel temd., Of ait. 4nd b. space, M .. S08.00
Ensine 10veds Mo cacaoo 240, 00
Crilnesr dimens ions and materiais
Nanisvm disPlacCer 4Nad LOwWer SISLON SLIOKE: CM . 1. 30
Diesierter Of POWEr 8,310N 4nd ENSINE CVles €8 cmaa 20. 00
Ged velween diBeidcer and CYIINGEr Wally €M caeaa .10
DisPiacer fOd alameter, Ca 7.0
Numoe! OFf radiation shields N dISPIALEN) acaee. 10
Heater. resenerator, cooler!
Nuabel Of hedl?l and COOIOT TUDE TOMS eecccccceawe 13
Radidl lenstn OFf neated Rallf PIN TUDESs CM cacemea 3. 00
ID 0ot Neater tubes: Cm .20
SQuare Pitch 107 heater Of Cooier tuhe AFrav. Cm. . LB
Sesl 1@nstNt €O mcmca e-1"
Qianeter ©f wire IR matrin, MICRONS aaccccccncaea 20. 8¢
Porosity ot asatrin. PER CENTY 70. 00
Ratio Ot 1i10w area t0 tacCe afed In reveNErator .. 6. 00
Ravial 1ensth Of CoOVl@d halfl PIN TULES: Clucacecam 3. 88
ID o¢ Cooi1er tubes: Cm .28
Lingdr senerator eidramecerst
SPecitic welisht OFY diternator at 60 Hz, ks/uW(e). 8. 00
E¥tiCiency OF The A1Lernator: Per CONY ccccceeea 90. 8v

Martinl Eny. Isotherma) Rnaiysis ot FPSE~Riternator Powar Srstes

POMER., MWAYTS HEAT REQUIRERENT. WRTTS
Trermo. P.Pist, 93492. 31 Thermodvnamic 349308. 00
Thermo.Disei., 0469, 00 Adiavatic Corr. 152087.38
Raiaweric Corr, -25819. 7} Reneat 1088 33306. 61
Hediedf 7i0w 1088 15618, 66 Shuttie 1088 “b6, 87
Resen. 110w 10 210871.83 Aspendin lOoss 230008. 089
Cooier tiOow I10%8 13764.130 Tear.swins 1088 182.10
Dew. Dr. Pwr. Reamt, -16.01 Cri. HWail Cond. 170. 49
Net Eneine Power 67672.68 Dissicr Wali Condgd. 4687.43
Aiternator Loss 6767.26 Resen. Wait Condg. 40662. 90
MET ELECT. POWER €0921.33 Cri. Gas Cong. 1.97
OVERALL EFFICIENCY, % 16,12 Resen. NMtu. Cond. €282.33
Teaveratures:, K Rea. Insigde Dine, .80
00 Qus Heatrer 1E01. B4 Fiow Fric. Creaits «26134, 58
Evtect. Hotv Gas 1368.73 Totai) Heat t0 Ens. 431388, E0
Ettect.Co1a GCas 922.37 Dissi.Dr. Heat -156. 8}
0D 0as Cooier £99. 73 Ensine Cool ins 3637v48. B8
Weisnis:. w3 Riternactor coolins €767.26
Kot Criinaer 39. 22 Lensths. ca
Heslwl Tubes 15. 36 Ensine 32.63
Res. Mail 1. 83 ARivernator 33. 39
Res. Navrin 6. 16 Bounce EBsmace 8. 73
Cvi. Wall .21 TOTAL LENGTH 9%.79
Dispiacer 33.39 Dismevrers. cm
Pisei.Drive Roe .77 Ens.Cr1.0D 23. 82
Disei.D.R. Sussort 2.67 0D Ann. Reven. Ja, 39
tocier Tunes 1.24 Hail Tnicunesses: Cm
Coid Criinaer 18. 89 Hot ¢riinaer 2. 31
Rirernazor 121,81 Coid cviinaer « 4B
TOTAL WEIGHT 262, 47 Riter. criinder LB
Nusober of nedtler tubes 2136 Heater . 83

TABLE 4.5.4.1
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turn 1is proportional to the kilowatts generated. Therefore, the engine
system is shortened by making it fatter, while maintaining the same working
gas volume, and hence the power and efficiency will be, to first order,
unchanged. To scale the power to the desired range, see Appendix A.

Diameters. The 1largest diameter of the engine system is controlled by the
outside diameter of the heat exchanger arrays. The engine cylinder diameter
of the alternator should be the same as the engine, so that a simple
pressure vessel can enclose both, although this 1is not essential. The
alternator could be much shorter and fatter as long as the volume is the

Results of Calculation. The Martini Stirling Engine computer design program
was Installed, operated to verify validity of the calculations, and used to

provide a first order design of a system appropriate to meet MCNSPS
requirements. Appendix A contains the complete computer printout of all the
final results. By iteration, an acceptable engine design of about the right
size and power was devised, if fairly low radiator temperatures are used.
Because of the large number of heater and cooler tubes and because of the
convoluted regenerator, a high frequency engine of 240 Hz provides good
efficiency at an attractive specific weight. Table 4.5.4.2 summarizes the
major results. All engine designs are for 400 bar (~6000 psi) pressure, a
20 cm diameter cylinder, and a 1.5 cm displacer and power piston stroke. 1In
all cases the displacer drive piston diameter was adjusted so that the

electric power requirement to drive the displacer was negligible.

Critical Endurance and Reliability Issues. In selecting and performing the

conceptual designs described in this section, only those cuncepts with the
prospect for inherently good endurance and reliability characteristics were
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SUMMARY OF RESULTS
MEGAWATT CLASS STIRLING ENGINES FOR SPACE

Heat Heat Overall Speciftic Net Overall Run
Saurce Sink Length Height fower Efftic, ]
Tenp K Tenp.X cn ka/kH(e) kH(e) 4 Apdx.B
1600 900 95 4.0 61 14 10
1600 800 122 3.3 91 19 9
1400 700 183 3.0 123 24 a
1600 600 188 2.8 143 28 é
1600 %00 22 2.6 207 31 4
1500 900 78 4.4 42 10 13
1500 800 106 3.4 73 16 15
1300 700 137 3.0 100 22 16
1500 400 172 2.7 144 26 17
1500 S00 212 2.6 190 29 i0
1400 900 40 Teb 23 é 26
1400 800 a9 3.6 S5 13 29
1400 700 120 3.0 89 1y 24
1400 600 155 2.7 12 24 23
1400 So00 195 2.9 171 27 22
1300 900 41 41.2 2 0 29
1300 800 70 4.1 33 ] 30
1300 700 101 3.1 48 13 ‘31
1300 600 137 2.7 107 21 32
1300 300 177 2.6 153 2% a3
TABLE 4.5.4,2

_/
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chosen. These designs include several different types of free-piston
Stirling engines coupled to linear generators. By choosing this type over

kinematic engines and smaller rotary generators, one obtains the following

advantages:
1. No seal problem. Hermetically sealed. Internal seals are not
critical.
2. Low bearing loads. Gas bearings are adequate and radiation
sensitive materials are avoided.
3. Small parts count. With fewer parts than with a kinematic engine,

the reliability should be higher.

There remain significant endurance and reliability issues. Designing and
building a high performance engine out of ceramic fiber reinforced

refractory metals will present some new and unusual problems:

1. The endurance limit of the refractory alloys must be reliably
known and allowed for.

2. Thermal stress in the metals must be evaluated and properly taken
into account because of the high heat flux.

3. High vacuum, high temperature joining techniques must be used
throughout. Helium 1is the only practical working gas and it
permeates elastomers which might survive the radiation
environment,

4, Gas bearing technology must be checked. Most gas bearings rotate.
These oscillate and may rotate as well for some concepts.

Stirling Space Power Systems. The Stirling engine will be heated by lithium
metal pumped through the cylinder head heat exchanger. The lithium is

assumed to be heated to a maximum temperature of 1570 K in a uranium nitride
fueled fast reactor. In order to achieve reasonable primary loop pumping
power, the reactor coolant temperature rises 100°C across the core. The
coolant flows to approximately 56 double (or 112 single end to end) cylinder
engines. The approximately 220 1liters/sec (3500 gpm) flow might be
distributed to the engines in parallel or in series. Reasonable size,
velocities and design require that the flow be largely in parallel. Thus,
each engine pair receives at least 4 liters/sec (all parallel). Such an
arrangement would require a 100°C temperature gradient around the cylinder
head. This excessive gradient should be reduced to prevent cylinder warpage

and misalignment. Thus 2 to &4 engine pairs may be plumbed in series to form
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14 to 28 parallel circuits. Engine thermal distortion would be reduced with
only 25 to 50°C temperature gradients per cylinder.

The Stirling cycle work by W. Martini was previously typified in Table
4.5.4.1 and summarized in Table 4.5.4.2 and the 20 cm base Stirling engine
module concept was shown 1in Fig. 4.5.4.6. The high-frequency (240 Hz),
very-high-pressure, 400 bar (<6000 psi), low-pressure-ratio design achieves
fair performance (=15% efficiency) at temperature ratios greater than 1.75.
Good efficiencies of 20% are projected for temperature ratios of 2. The
high frequency and high power density results in about 3 to 4 kg/kWe engine-
alternator specific weights at 2.0 to 1.75 temperature ratios, respectively.
Lower specific weights and higher frequencies at higher temperature ratios
are of little interest for megawatt space powver. Real systems have many
losses that are not seen in ideal studies. Table 4.5.4.3 provides a summary
of preliminary total system estimated weight per net electrical kilowatt
output for the Martini Stirling engine data taken from Table 4.5.4.2. Note

of Table 4.5.4.2 is equal to (Tho + Thi)/2 of Table
4.5.4.3. Likewise Theat-sinkOf Table 4.5.4.2 is equal to ('1'co + Tci)/z of
Table 4.5.4.3. Also note that the Tradiator
This provides for reactor and heat rejection loop temperature rises of 100 K

here that Theat-source

average 1s equal to Tc-100.
from inlet to outlet.

The gross electric power output allowance was 10% greater than the net
output in order to allow for pumping power, power conditioning, transmission
losses and 5-year system degradation. The estimated kg/kwnec are listed for
the radiator system, the engine-alternator system and the reactor-shield-
pumping system. In order to produce 10 MWe net after 5 years, at least 1l
to 12 MWe gross must be generated at BOL in order to provide power for the
primary pump 1loop, the heat rejection pump loop, auxiliary-alternator
cooling pumps, power conditioning, bus bar losses and some small number of
engine failures or degradation. Consequently, the Martini engine-
alternators alone, required for 10 megawatts EOL net output, could not be
carried in one shuttle. This engine has enormous materials problems due to

high temperature creep, cyclic stress and materials compatibility.
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Fig. 4.5.4.7 shows a‘layout minus radiator for the 10 MWe net EOL output for
56 cylinder pairs and 112 displacer-alternators.

Speculatiop. The Benson (Energy Resource Group) engine concepts utilize
more internally configured heat input and output exchangers. With lower
pressures and higher pressure ratios, ERG expects good engine efficiencies
at lover, more attractive temperature ratios of about 1.4 to 1.6. The lower
pressures might reduce the materials creep problem to a manageable level.
ERG powers the alternator bounce space with a smaller auxiliary displacer
piston. Thus, ERG proposes a low-mass, linear alternator concept that might
achieve engine-alternator weights of 1-1/2 to 3 kg/kWe. Such specific
weights might be competitive with lower pressure potassium Rankine engine
specific weights. However, the liquid-metal connected systems (i.e.,
reactor-shield-power conversion) at 10 MWe net will still not be lifted in
one shuttle. Space assembly and liquid-metal-filled pipe welding, or a much

larger booster, will be required.

Conclusiop. High-temperature, high-power Stirling engines in these
performance and specific weight ranges are highly speculative. No known
refractory metals have low enough creep rates at temperatures from 1500 to
1600 K. Ceramic fiber or other ceramic reinforcing of refractory metals
will be required, which represents an entirely new technology in itself.

I11-104



10 MWe STIRLING SYSTEM

[ ettt —— .

1
! PAYLOAD X
! JUNCTION BOX CONTROL ’
: DRIVES

MAIN
i+ 1N\~ SHIELD

LiH
GAYMA SHIELD 1
REFLE%@R STAINLESS + B¢
BeO+B ‘5 i
REACTOR - = |
LT COOLED | ‘: it
: SCATTER SHIELD
~ LiH
Nt [V :
AUXILIARY — ] :
RADIATOR e
= EM_PUMPS
/[ — (REACTOR COOLANT)
I
rt X

STIRLING =i H
ENGH‘E/ALTERNAT$-‘ -
112 3

-0
' l, ( 0
ik
VIEW ROTATED 0% T, 22

o

[

RADIATOR

Fig. 4.5.4.7

ITI-105 06168802



[35]

(36]

(37]

(38)

[39]

(40]

[41]

[42)
(43]

[44]

[45]

[46]

[47)

[48)

SPI-25-1

Revision of

SP-58-S-84

VOLUME 111
REFERENCES

T. T. Robin, "Design of Boiler-Superheater Units for Representative
Cesium and Potassium Space Power Plants™, ORNL-TM-2080, September
1968.

H. C. Young, D. L. Clark, A. G. Grindell, "Comparison of Boiler Feed
Pumps for Cesium and Potassium Rankine Cycle Systems”, ORNL-TM-2086,
September 1968.

H. C. Young, A. G. Grindell, "Summary of Design and Test Experience
with Cesium and Potassium Components and Systems for Space Power
Plants", ORNL-TM-1833, June 1967.

A. P. Fraas, J. W. Michael, "Comparison of 1-, 2-, and 3-Loop Systems
for Nuclear Turbine-Generator Space Power Plants of 300 kW to 5 MW of
Electrical Output™, ORNL-TM-1366, March 1966.

A. P. Fraas, D. W. Burton, M. E. LaVerne, L. V. Wilson, "Design
Comparison of Cesium and Potassium Vapor Turbine-Generator Units for
Space Power Plants"™, ORNL-TM-2024, February 1969.

A. P. Fraas, work done in support of this study.

E. H. Cooke-Yarborough, "Diaphragm Stirling Engines: Achievements and
Future potential", Presented at IMechE seminar "Stirling Engines,
Progress Towards Reality”, at University of Reading, Mich, 1982-2, pp.
43-48,

E. H. Cooke-Yarborough, Private communications, 20 May 1983.

E. H. Cooke-Yarborough, "Operating Experience with the Harwell Thermo-
Mechanical Generators”™, AERE-R-9829, 23 May 1980.

J. R. McBride, "The HoMach TMG: A New Small Stirling Power Source for
Unattended Operation™, 1984 IECEC Record, to be published Aug. 1984.

J. S. Slaby, D. G. Beremand, "Overview of NASA-Lewis Research Center
Free-Piston Stirling Engine Activities", 1984 IECEC Record, August
1984, To be published.

J. Schreiber, "Test Results and Description of a 1 kW Free-Piston
Stirling Engine with a Dah Pot Load", 1983 IECEC Record, pp. 887-896.

D. M. Berchowitz, "The Development of a 1 kW Electrical Output Free
Piston Stirling Engine Alternator Unit", 1983 1ECEC Record, pp. 897-
901.

W. M. Beale, Private Communication, Feb. 1984.

III-106



[49)
(50]
(51]

[52)

(53]
(54]

[55]

[56)

(57]

(58]

D. M. BerchowitZz, Personal Communication, 8 March 1984,
W. E. Beale, Sunpower, Inc., Personal Communication, 9 March 1984,

G. Dochat, Mechanical Technology Inc., Personal Communication, 9 March
1984.

G. M Benson, "25 kW FPSE Space Power Plant Featuring Lightweight
Linear Alternator”, 1984 IECEC Record, August 1984, To be published.

G. M Benson, "Thermal Oscillators®, 1973 IECEC Record pp. 182-189.

*Small Business Innovation Research Abstracts of 1983 Phase I Awards",
SBIR 83-1, p. 36.

S. G. Carlquist, K. G. Rosenquist, S. G. Gummesson, "Developing the
Stirling Engine for Fuel Economy in Marine, Industrial and Medium Duty
Automotive Applications”, 12th Inter. Congress on Combustion Engines,
Tokyo, 22 May to 1 June 1977,

*Japanese Develop a Stirling Engine Using Ceramics®, Stirling Engine
Newsletter, February 1983, p. 16 (Martini Engineering).

V. J. Van OGriethuysen, "AFWAL Terrestrial Stirling Engine R&D
Efforts", 1983 IECEC Record pp. 802-808.

S. Musikant, W. Caiu, D. Darooka, "Ceramic Automotive Stirling Engine
Study", G. E. March 1984 report on NASA-LeRC Contract No. DEN3-312.

I11-107



APPENDIX A (U)

Stirling Engine Design (U)

(U)

(v)

First Order Design. First order designs are done using approximate

formulas which tell the designer about how big and how efficient the
Stirling engine would be. It says nothing about how the engine should
be designed. There are a number of approximate formulas collectively
termed the Beale equations [1]. The one that is most appropriate was

proposed by J. Senft:
W=0.035 x FxPMx VCx (TE - TC)/(TE + TC)

Where: W = Engine power output, watts

F = Operating frequency, Hz

PM = Mean cycle pressure, bar

VC = Displacement of the power piston, ce
TE = Heat source temperature, K

TC = Heat sink temperature, K

‘Assume a frequency of 60 Hz and a mean cycle pressure of 200 bar
(2900 psia). Design for 250,000 watts (e). Assume a 90% efficiency
electric generator. Thus the desired engine power would be 277,778
watts (m). Based upon these assumptions the displacement (VC) of the
power piston would be as shown below:

Heat Sink Heat Source Temperature

Temperature 1300 K 1400 K 1500 K 1600 K

800 K 2778 ce 2425 cc 2173 cc 1984 ce

900 K 3638 cc 3042 cc 2646 cec 2363 cc
UNCLASSIFIED

A-1



()

The indicated efficiency of a practical Stirling engine is about
75% of the Carnot efficienty [2]. This efficiency depends very little
on absolute temperature and will be used for approximate design.
Assume again 90% efficiency for the electric generator. Thus the
overall efficiency from heat to electric power is 67.5 § of the Carnot

efficiency. The expected actual overall efficiency is given below:

Heat Sink Heat Source Temperature

Temperature 1300 K 1400 X 1500 K 1600 K

800 K 26% 29% 32% 34%

900 K 21% 2u4g 27% 30%
UNCLASSIFIED

(uU) From the information we have obtained on the SP-100 program we can

Q)

make some first order estimates about the size of the engine generator.
The engine-generator s about half engine and half generator on a
volume basis. On a weight basis it is 60% generator and 40% engine
[3]. The SP-100 engine runs at 120 Hz so the specific weight of the
generator is about 4 kg/kW(e). Assume that the density of the gener-
ator, being almost all solid metal, is 5 kg/liter. This would mean
that a 250 kW(e) engine~-generator would weight 1667 kg or 6.7 kg/kW(e).
If the engine-generator were 5 times as long as it is in diameter, it
would be 55 ¢m in diameter and 277 em long. To get a more accurate
idea of the engine design and the weight and size of the engine and
generator, a second order analysis was undertaken.

Second Order Design. We will first describe the tools that are

available to do second order designs. Then we will develop a design
like that being offered by both Sunpower and MTI (See Figs. 4.,5.4.2 and
4.5.4.3) which is more or less standard. However we will add some
refinements that are proprietary and could be patentable., We will find
one design that seems to give good results and then see how it applies

over the full range of requested temperatures.

, v {A.F'-l o
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Linear Engine, Linear Generator Design. Figure A.1 shows the

concept which is similar to both the Sunpower and the MTI design. The
design will first be described. Then the independent inputs and the
output display will be described using a sample output. The rest of
the outputs are given in detail in Appendix A and abstracted in a
table. Finally, design improvements will be discussed.

Concept Description. The concept shown in Fig. A.1 1is basically a

free4displacer. free-piston engine. The displacer is pneumatically
driven with optional assist and control by an electric drive. The
power piston 138 also the armature of the electric generator. Heat is
supplied to the tubular hair pin type heaters from the reactor by a
pumped lithium loop. Each heater tube is the same shape and the same
length. Heat is removed from the tubular coolers by another colder
lithium loop. Because of the Curie point limitation to the magnetic
materials in the generator, a separate coolant loop cools the linear
generator to 500 K. An insulation layer on the power piston protects
the electric generator from the "“cold" end of the engine. Both the
displacer and the power are sealed by gas bearings. In this concept
hollow volumes in the displacer accumulate the maximum working gas
pressure and apply it to a static type seal and gas bearing. In Fig.
A.1 these are shown in concept and are not designed for load carrying
capacity. The electric drive or generator is also made to rotate both
the power piston and the displacer. This rotation c¢reates a journal

gas bearing which also acts as a seal.

Two engine generators will be operated as a palr for balancing.
They will be oh the same center line with their hot ends Joined. Fig.
A.1 just shows one of these engines. This engine pair shares a common
engine cylinder wall., If both are as shown in Fig. A.1, then there
needs to be a cylinder in the middle with a spacer and no heat ex-
changer tubes. However, if one displacer has a convex cylinder head,
as shown, and the other has a concave cylinder head, the two displacers

would mesh. Important space and weight would be saved.
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Note that in Fig. A.1 the cross section shows the displacer and
the power piston all the way up on the left side and all the way down
on the right side. Also two different designs are shown for the hair
pin heat exchangers. The squared off design at the left could not be
built without some changes because the vertical part of each hair pin
would interfere with neighboring tubes. The design on the right is the
same as is used in the consortium Stirling engine being tested in
England. The tubes, each in the form of a semicircle, can be placed so
that they do not interfere with each other. These semicircular tubes
would have less flow loss. The velocity heads would be 1.5 instead of

2.5 as is now used.

In Fig. A.1 the engine cylinder wall is inconveniently thick. The
wall thickness was calculated using the creep strength for Astar-8tic.
It is for 1% creep in 7 years. It was assumed that it would have a
working strength of 500 MPa below 950 K. Above 950 K the following
formula for the working strength was used. ‘

WSTR = exp [30.3741 - 3.5236 1n (T)]

where WSTR = working strength, MPa

T = temperature, K

This wall thickness would be twice as thick as shown if it were
not for the use of graphite fiber hoops which take the hoop stress.
The metal only has to withstand the axial stress. The 2.51 cm thick-
ness is for 1600 K. At 1300 K the wall thickness is down to 1.21 cm.
Information obfained from the Creat Lakes Carbon Co. indicated a ten-
sile strength of 2758 MPa for graphite fiber. Apparently in the range
being considered there is no dependence on temperature and there is
negligible creep. This information must be checked. Possibly a better
design would be to use tie rods outside the hot zone to hold the engine
pair together and then add more and stronger strength bands using some
type of cladding for the refractory fiber if necessary.



(u)

(v)

(v

Having the two hot ends of the engines in a common cylinder saves
the weight of the end head. It also assures that both engines will
operate in a counterbalanced mode. Computer simulation calculations at
Martini Engineering showed that engines so connected would get in step
within one cycle, even though they were intentionally started out of
step. Of course the matching parts must have the same mass and the
alternators musc be connected in parallel for the counter balance to

work.

The use of the hair pin heater tubes starting and ending in the
cylinder wall is unique in Stirling engine design so far as is known.
The reason for it {s to minimize the engine diameter and make possible
fiber wrap strengthening without having to deal with heads. To do this
the regenerator had to be placed inside the displacer in a volume that
would otherwise be empty. An additional improvement is the use of a
convoluted regenerator which also is unique as far as is known. The
regenerator works better to allow higher speed operation when the flow
area is large, the flow path is small and the regenerator quite dense.
A convoluted regenerator would be difficult to build so that one would
have no appreciable leaks around the regenerator matrix. For a space

power engine it would be well worth it.

Because of the high reject temperature required in this engine
design, it will be difficult and may be impossible to make a good
electric displacer drive. In the engine designs described in this
report we adjusted the diameter of the displacer drive piston so that
the power applied to the displacer almost exactly equaled the flow loss
through the heater, regenerator and cooler. Therefore, the electric
displacer drive may not be needed. However there needs to be a more
rigorous analysis of the pneumatic displacer drive. The timing of the
forces applied during the cycle, the flow losses, and the inertia of
the displacer determine the phase angle and the displacer stroke. They
cannot be specified in advance. A more detailed analysis must be done
to determine how much electric drive power is really needed to attain

the desired 90 degree phase angle. Usually the phase angle is lower.
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(u) Description of Needed Inputs. In calculating the performance of
the RE-1000 free piston Stirling engine for NASA-Lewis, 94 numbers had
to be input. Fifteen of these were for control of the calculation.

The rest were dimensions and operating conditions. 1In this calculation
certain dimensions will be set ahead of time and decisions made about
how other dimensions relate to get as small a list as possible of truly
independent inputs; The list given below is divided into these three
parts:

(U) A. Set Inputs
1. Identity of metal of construction, best possible.

2. Working gas = helium because hydrogen would leak out.

3. Fraction of open area {n spider supporting displacer drive
piston = 0.5,

4, Phase angle = 90 degrees, best value.

5. Velocity head loss due to entrance, exit and bend in both
heater and cooler = 2,5, right for design.

6. Density of alternator = 7 g/cc, estimate based upon iron and
copper almost solid.

7. Emissivity of radiation shields = 0.2

(U) B. Independent Inputs

1. Charge pressure of working gas.

2. Inside wall temperature of gas heater tubes.

3. Insice wall temperature of gas cooler tubes.

y, gAlternator temperature.

5. Engine and alternator frequency.

6. Maxiﬁum stroke of displacer or power piston.
7. Inside diameter of engine cylinder.

8. Gap betyéeh displacer and cylinder wall.

9. Displacer rod diameter.

10. Number of radiation shields in displacer (included but now no

longer relevant).
11. Number of rows of heater and cooler tubes,
12. Radial length of heater tubes.

13. ID of heater tubes,
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C.

14,
15.
16.
17.
18.
19.
20.
21.
22.

Square pitch between heater or cooler tubes.
Length‘or seal.

Diameter of wire in regenerator matrix
Porosity of regenerator.

Ratio of flow area to face area in regenerator.
Radial length of cooler tubes.

ID of cooler tubes.

Specific weight of alternator.

Efficiency of alternator.

Derived Inputs

1‘
2.

10.

11.

12.

13.

14,

Working gas properties -- based upon helium

Metal properties.

Thickness of engine cylinder -- depends upon diameter, charge
pressure and metal properties.

Thickness of heater tubes -- same as #3.

Thickness of cooler tubes -- same as #3

Thickness of outer regenerator wall -- average of hot and
cold engine cylinder.

Thickness of inner regenerator wall -- currently set at 0.5
mm.

Thickness of displacer wall -- to take twice value of pres-
sure swing in tension.

Thickness of cold pressure vessel heads -- currently same as
wall thickness.

Total number of heater or cooler tubes -- depends upon engine
diameter and number of rows of tubes.

OD of regenerator -- depends upon engine diameter and number
of rows of tubes,

Working stroke of displacer or power piston -- 90 § of maxi-
mum stroke.

Length of displacer -- depends upon the length of the heater,
regenerator, cooler, pressure; number of rows of tubes, and
maximum stroke.

Volume of power piston bounce space -- 5§ times the power
piston stroke volunme.



(v)

(u)

(V)

(v

15. Volume of displacer bounce space -~ 4 times the maximum
displacement of displacer drive rod.
16. Thickness of spider -- 0.1 of engine diameter.

Note that the 79 dimensions and operating conditions needed to
describe the RE-1000 engine has been reduced to 22 truly independent
dimensions and operating conditions for both the engine and the
alternator. This has been done by ignoring secondary effects such as
leakage, making judicious choices for things that cannot really be

changed, and by relating some inputs to others.

Method of Calculation. The isothermal analysis is used because it

is fast and has been calibrated against published engine data [4] to
within £ 108« It has been extended to include calculation of weights
and sizes. It has been made specific for the internal convoluted

regenerator design.

Descriptions of Outputs. Samples of the computer output are

attached at the end of this appendix. Note that the independent inputs
are given first and then the outputs are given. These outputs will now
be discussed so that the reader will know what they represent. Note
that the output {s divided into power, heat requirement, efficiency,
temperatures, weights, lengths, diameters, thicknesses, and numbers.
Each of these subdivisions will now be discussed.

Power. This isothermal second order analysis is built on the
assumption that there is a basic thermodynamic power output and heat
input that can Be calculated by assuming that the gas spaces in the
engine all have a known temperature for the cycle which does not change
during the cycle. 1In this case the motion of the power piston and the
displacer are both known in advance. Therefore, the pressure of the
working gas at each point in the cycle can be calculated. This pres-
sure applied to the area of the power piston as it moves to and fro
creates the thermodynamic power piston power; The same pressure ap-
plied to the displacer drive piston as the displacer moves to and fro
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creates the thermodynamic powér applied to the displacer which is used
to overcome flow losses.

The adiabatic correction makes this program the equivalent to a

more complicated and time consuming program. The basic isothermal
program assumes that the hot space and cold space of the engine are at
fixed temperatures do not change during the cycle. In reality, these
temperatures do change during the cycle., In reality, these tempera-
tures do change during the cycle. These changes have an important
effect on the true power output especially at low temperature ratios.
We found that the difference between the true power and the isothermai
power depends chiefly upon the temperature ratio and the dead volume
ratio. This relationship has been precalculated and stored in a table.
These two ratios are determined and then the adiabatic correction is
determined quickly by interpolation in the table.

The flow losses are determined by first approximating the flow
through the different parts of the engine as a constant flow for part
of the cycle, no flow for part of the cycle, the same constant flow
back, and then no flow to complete the cycle. These constant flows and

" the fraction of the cycle time that they occur is determined for the

heater and the cooler. For the regenerator; an average of these two is
used. Standard flow loss and heat transfer coefficients are used.

The displacer drive power requirement {s the electrical watts that

are needed to drive the displacer in addition to that supplied by the
thermodynamic displacer power; We tried to make this small by adjust-
ing the displaéer drive rod diémeter because it may be difficult to
make a high temperature displacer driver.

The net engine power is the thermodynamic power piston power

corrected by the adliabatice correction.

The alternator loss is the power 108s due to copper and iron

losses in the alternator.
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The net electric_ppweb is the power genérated by the alternator

less the electric power needed to operate the displacer; The ef-
ficiency of the displacer electric drive is assumed to be the same as
the electric alternator. If for a particular case the displacer drive
is calculated to produce power, this power is added to the power from
the alternator.

Heat Requirements. The thermodynamic heat requirement is calcu-

lated from the integral of the engine pressure and the hot gas volume.

There is also an adiabatic correction for the heat input as well

as the power output. It is calculated the same way.

Because the regenerator is not perfect, additional heat must be
added to the working gas to reheat it every time it comes back into the
hot space. This is always a major loss.

The shuttle loss comes about because two surfaces with an axial
temperature gradient; like the displacer and the engine c¢ylinder, move

to and fro. Conduction back and forth across the gas gap causes addi-
tional heat loss.

The appendix loss is caused by gas being pressured into the crack

between the displacer and the cylinder wall, cooling foo and then
coming back at lower pressure but colder into the hot space. The
appendix 1loss can be decreased and the shuttle loss increased for a net
gain up to a point by decreasing the gap between the displacer and the
cylinder wall. However, this gap in this case; acts as a flow passage
and should not be too small,

The temperature swing loss accounts for the fact that the
regenerator has limited heat capacity and therefore has some tempera-

ture swing as the gas moves back and forth. The regenerator therefore
is not as good as {t would be assuming unlimited heat capacity.
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All the conduction terms are calculated by simple straight conduc-
tion across thé part of the engine that takes the temperature
difference. This conduction is the same whether the engine is operat-

ing or not.

The flow friction credit takes into account that the flow loss in
the heater and half of the regenerator 1s converted back into heat and
therefore reduces the heat that would otherwise be required from the

heat source.

The total heat supplied to the engine is the denominator for
calculating efficiency. It is also assumed to be supplied to the
engine through the heater tube wall, In some engine designs it might
be argued that some heat loss terms would not go through the gas

heater.

The engine cooling must pass through the gas cooler at the heat

sink temperature.

The alternator cooling is the amount of heat that must be removed

from the alternator at a lower temperature than the main radiator to a

special low temperature radiator.
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INDEPENDENT INPUT VALUES
Prosram cOntrot parametérss
Case number

ORIGINAL PAGE IS
OF POOR QUALITY

det ined by OPerator. &

Creapnhic oPtion B=n0os 1%reS: meww- - 1
Conv. criteria (Frac. chanvse IN INtEeIaIS. Jacecaa . 205000
Number of time SLePS POl CYCI@: mcmo e cccccea- 24
Ensine operating condizions?
AVErase wWOrKiNY 9as Pr@SSUlre®s BAMaamaeaccccccecce 400, 02
Netal temperature of sas heater, K -— -- 1E00. 00
Metal tempPerature of sas coolers K. 500, O
Pressure vessel teap, Of alt. and b. space, K .. 500.00
Ensine speed: Hlcmanea- 240,00

Cylinger dimensions and materials

Heazer,

Rasimum disPlacer and POwer PIBSTON STTOKE®Y CM wa.

Linear

1. 5@
D:ameter Ot Power 2isSton and ensine Cri.e CM mweo 20. 00
Gap between displacer and cyliinder Wally €W cepmea .10
Displacer rod dlamete®rs Cm .. 7.20
Nusber Of radiation shields Inh disPlaCerly amveeea 1Q

resenerator. coolert
Number Of h@alér and COO!E@r TULE® TONS wececea ———— 13
Radial lensth ot heated hail PIN TubeSss €M oo 3. 80
ID ot heater tubes: C® —.. .20
SQuare pPitch (Or heater Or cCooler tube array:, Cm. . 40
Seal 1ensthy CAl mecee e - -1
Diameter ©f wive 1n matrine MICRONS mccccaa ———— 20,00
Porositr ot matrix, PER CENT __ - 72.00
Ratio Ot 110W area 10 face area Iin resenerator .. €. 20
Radial 1ensth Ot Co0led RalT PIN TUDES’ CMececacaa 5.0
1D ot cooler tubes: cm . .20
seneratcy earanmeters? .

Seecitic weight Of alternator at 60 Hz, ke/kH(e) . 8. 20
Effticiency Of the ai1ternators Per CONU weeeeo - 98. 80

Martini Ens. Isothermal Anaiysis of FPSE-RiIternator Power Srstem
POMER, WATTS HERT REQUIREMENT. WATTS
Thermo. P.Pist. 237034, 60 Thermodrnamic 443621,90
Thermo. Dissi. . 57493, 31 Adiabatic Corr, 23152.50
Adiabat ic Corr. -7E235. 6 Reheat loss 132593. 80
Heater 110w (0SS 24E88, 27 Shuttie 0SS €0.12
Re&gen. fiow lOsS 19192.60 Aependix |OsS 90026. 80
Ccoler tiow 10ss 13394, 25 Temo.swine 10SS 743.64
Dse.Dr. Pur. Reamt. -251.33 Cri. HWall Cond. 258, 27
Net Ensiné Power 2292@8. 98 Dispicr Wai1 Cond. 3JE41. 52
Alternator Loss 22920.89 Resen. Wail i Cond. 73E6.69
NEY ELECY. POWER 20E£539. 40 Crvi. Oas Cond. . 2. 64
OVERRLL EFFICIENCY, ¥ 30. 56 Resen. Mix. Cond. B8423. 44
Tenperatures, K Rad. Inside Disol, .00
0D Cas Heater 1E02. 89 Fiow Fric. Credlt -34276.57
Ettecr. Hot Gas 1856.29 Total Heat t0 Ens. E73814.E0
Ettecr.Coid Gas $23. @3 Diset.Dr. Heat -251.33
0D Gas Cocier 499, B4 Ensine Cool ins 4LB3IS4. 50
Welants, K9 Aiternator coolins 22920.89
Hov Criinder 39,22 Lensths:, cm
Heater tubes 15. 36 Ensine 32.65
Res, Waii 1.385 Riternator 187.61
Rew, Hatrix 6. 1€ Bounce Seace 6. 75
Cri. Wali .2 TOTAL LENGTH 227.0)
Diselacer 19.14 Diameters. cm
Disel.Drive Rod .69 Ens.Crt1.0D 25.02
Diset,.D.R. Supsort 2. 67 00 Ann.Resen. 30. 32
Cooter Tubes 1.24 Waii Thicknesses:s cm
Ccid Criinger 46, 34 Hot crviingder 2. 951
Riternazor 412,958 Coid ¢ryiinder <40
TOTAL WEIGHT S45. 1€ Alter. cyl!inder . 4B
Nuaber of heater tunes 2356 Heatver .83
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INDEPENDENT INPUT VALUES

Prosram contvrol

Parameterst

Case nunber definkd by operator. 6
Graphic opticon B=no, Imyes,

1

Conv. criteria (Frac. chanse In INteITalIBe)acno.. .B05000

Nusber O0f time StePS POl CYCIQ. mmcccccmcncac—e —— 24
Ensine operating conditions!

Averase wWOrking sas Pressure:s bar 4020. 20

fetal temperature of sas heater, K 1600, 20

Metal tenperatufe Of 9as COOI@T) Kammmmo e 600, B2

Pressure vessel

temp.

of ait., and b, sPaces K ... 500.00

Ensine sPee0) Ml — 24D. 02
Crliinder dimensions and materials ,
MHaxiauwm displacer and POwer 2IStON SLroke, Cm ___ 1.50
Diameter of pPower piston and ensine Cril.s €M e 20.00
Gar between displacer and Cryiinder walils €W oo .10
Displacer rod giameter, cm ____ ——— 7.30
Nusber Ot rfadiation shieids INn diSPlACel) cmamaa 102
Heaters reseneracor. coolers
Nusber Of heater and COOI@r tUbE® TONWS acmcccwcacmea 13
Radial lensth ©f heated hair Binh tUbeS: CM oo - S. 00
1D ot heater tUDES: CM comeccaceeo ——— .20
Sauare Pitch 1Or heater Or cooler tube arrar, cm. .48
Seal 1enN3thy CM oo e o o e e 5 e .30
Diamet2r Of wire Iin matrixy MICRONS amcecmmccee 20. 60
Porosity of matrix, PER CENT - 7. 00
Ratio ©f +iOw area t0 tacCe area In resenerator .. 6. Q0
Radial l1ensth Of cooled halfr PIN TULES) CMo e S. 00
1D ot cooler tubes: ¢m ——— .20
Linear senerator parameters?
Specitic weisht Of alternator at 60 Hz, we/kW(e)_ 8. 00
E4ticiency Of the ai1ternators Pef CeNYt ammccccccea 90. 20
Martini Ens. Isotrermal RAnalysis ot FPSE-Riternator Power Srstem
PONER, MWATIS HERT REQUIREMENT. WRTTS
Trhermo. P. Pist, 193435. 5@ Theraodynamic 413326.70
Trnermo.Dispi. 35865. 42 RAdlacatic Corr, 20846. 36
Raiabatic Corr. -1228E. 09 Reheatr 1083 102961, 902
Heater ti1Ow 108S 21677.34 Shuttie ioss 57.32
Resen.flow loss 19634. 82 Appendix loOss 62644.02
Cooler tiow l10ss 13646, 57 Temp.awine I10s8S 300. 39
Dse, Dr. Pwr. Reamt, -341.47 Cri. Wall Cond. 237.27
Net Ensine Power 1E1168. 40 Diselcr Waill Cond. 4159, 359
ARliternator Loss 18116. 94 Resen. Wali Cong. 6770. 63
NET ELECT. POWER 1€£3393. S0 Cri. GCas Cond. . 2,52
DVERALL EFFICIENCY, % 27.73 Reven. Mtx. Cond. 8029. 20
Tenoceratures., K Rad. Inside Dispmi. . 00
0D Oas Heater 1€02. 52 Filow Fric., Credit ~31294.35
Ettecr. Hot Gas 1560. 53 Total Heatr 20 Ens. 389241. 50
Ettecr.Colo Gas 622.23 Displ.Dr. Heat -3J4i.43
0D Cas Cooler 599, 68 Envine Coolins 4R7738.70
Welanhts:, ke Riternator cooliny 18116. 94
Kot Criinder 39. 22 Lensths: cm
Heater tubes 15, 3& Ensine 32.€3
hes, Wati 1.55 Riternator 148.29
Res. Navrix 6. 16 Bounce Seace 6.73
Crt. Mal .21 TOTAL LENOTH 187.69
Displacer 22.935 Dianeters, ¢m
Disel.Drive Rod .74 Ens.Cry1.0QD 25.Q2
Dispi1.D.R.Supsore 2. 67 0D Ann. Resen. 30. 30
Cooier Tubes 1.26 Waii Thicknesses:, cm
Ccid Criinger 37.94 Hot c¢criinger 2.31
Riternavor J26.10 Cold cyiinder . 40
TOTAL WEIGHT 453,72 Riter. crilnder . b
Nusber ot hrat?r tubes 2356 Heater . 03

ORIGINAL PAGE IS
OF POOR QUALITY
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Prosram convrol

Heater,

ORIGINAL PAGE IS
OF POOR QUALITY

INDEPENDENT INPUT VRALUES
Pelfamerers!

Case number oceftined by ORPeETalor,

Graenic option B=no, Imyes.
Conv. criteria (Frac. chanse in INteSrals.)cmaaaa
Nunber Of time sStePs Per crcle,
Ensine oreratins condivions!
Averase woOIning sas Pressure, bar
Hetal temperature of sas heater:s K
Metal temperature of sas cooler, K

Pressure vessel
Ensine speed,

tens, Of ait. and b.

HE e -

sPacee K oo

Criinger dimensions and matertais

Maximum disprlacer and Power SIStON Stroke,
Diametrer ot power Piston and ensine C¥l..
Cas between displacer and criinder walls

Displacer rod diameter, cm —— ———
Number 0¢ tadliation snhielids An displacer,

resenerator, cooler?

Number 0t heater and COOI@r TUDE TOWS meeeceee- ——
Radial lensth Of heatea hair PIn tubes:) cm
ID ot heater tubes: cm
Sauare BItCh 1Or neater Or cooler tube arrav,

CH
CM e

CM v

cm.
Seal 1ensthe CM oo ———— ——
Diametrer ©f wive In matsrine MICRONS ouaea__ e eme——
Porosity ot matrix., PER CENT ——

Ratio Ot tIOw ared t0 tace area In revenerator —.
Radial 1ensth Of cooled halr PIN TUDES) CMeeee- -
ID ©¢¢1 cooler tubes: <m .

Lingar senerator pParameterss
Specific weiosht Of ailternator at 60 Hzy ke/kWie).
Etticiency Of The aIternators Per CONY wceeececa- -

A-15

8

)
. 25000
24

40B. 202
1600. 00
7Q0. 00
S20. 02
240. 00

1.30
20. 00
.10
7.40
10

15
S. 00
.20
« 40
. 50
20. 00
70. 00
€. Q0
S. 00
20

8. 00
S0. 20

Martini Ens. Isothermal Rnatysis ot FPEE-Alternator Power Srstem
POMER, WARTTS HERT REQUIREMENT, WATTS
Trnermo. P.Pist. 153939, 20 Tnermoarvynamic 388491, 20
Thermo. Disel., S2184. 32 Adiabatic Corr, 18765. 11
fAci1aparic Corr. ~17440, 53 Reheat I1O0ss 82678. 39
Heater tiow loss 190EE. 58 Shuttie loss 83.77
Resen.fiow 10ss 20185.46 Aopendix 10sS 44223.99
Coocler tiow loss 1 37€8. 92 Temp.swine i10ss 349. 26
Dse,.Dr. Pwr. Reamt. -270.G3 Cri. Hall Cond. 213.E9
Net Ensine Power 138498. 6B Diseicr Wai1 Cond. 44208, 42
Rlternator Loss 13849, 86 Resen. Wall Cond. 6152, B4
NEY ELECT. POWER 124919, 40 Cri. Gas Cond. 2,36
OVERALL EFFICIENCY, 23.85 Resen. Mix. Cond. 7531.33
Tenperatures, K Rad.Inside Diwei. « 00
0D Gas Heatrer 1E02. 24 Filow Fric. Credit -29119. 31
Eftect. Hot Gas 15€3. 87 Total Heat t0o Envw. 8523764. 30
Ettectr.Coid Gas 722. @2 Diset.Dr. Heat -270.63
0D Gas Cooler 699. 70 Ensine Coolins 364993, v
Weights:, K9 Alternator coolins 13849. 86
Hov Cri inder 39. 22 Lensthse cm
Heater tubes 15. 36 Envine 32.63
Rées., Wail 1.53 Alvernasor 113.36
Res. Ravrix £.16 Bounce GBrace 6.73
Cri. Wart .21 TOTAL LENGTH 1892.76
Disptacer 2t. 38 Diameterm:. cm
Dispi.Drive Rod .73 Ene.Cri.0D 23. 02
Dispi.D.R. Surport 2. 67 0D Ann. Resen. 3a. 32
Cooi®r Tubes 1.24 Waill Thicknesses, cm
Coid Criinder 38. 48 Hot c¢v i inder 2. 51
Atternator 249,30 Coild criinder . 40
TOTAL WEIGHT 373.29 Riter. crv!linder . Ll
Nuscer ot heater tubes 2356 Heater . @5



INDEPENDENT INPUT VALUES
Prosram control pParameters!?

Case nunber aetined Ry oOPerator. 9
Grasnic oetion @=no: 1=yes. - 1
Conv. criteria (Frac. chanse (N INtESralsn,)camaa- . 0B05000
Nuaber 0f time stePs Per crcie. 24

Ensine oceratins conditionst

Averase workine sas eressure: bar 400. B0
Metal Temperature Of vas heater., K. 1600. 22
Netal temderature of %as coolery K Bva, kL
Pressure vessel temp. OFf alt. and b. space: K ... S5SDO.0O
Ensine spreeds HIoo-- ———— -_— 240. 00
Criinder gimensions and materlials
Raximum disPlacer and POwer PIBTON BLTOKE®) CM . 1. 30
Diaseter Ot POwer PiStOh and eNPiINE CYles CM e 20, e
Cas between disPlacer and Criinder wWalile €M cceea .10
Diselacer rod diameters cm _— 7.50
Number of radiation shieids In disPlacer) acaamaa 10
Heatery reseneratofs coolers
" Nusber 0f h@aler and COOIEr TUDE FONS —cememeeo — 15
Radia) tensth Of heated halr PIN TubeSy C8 oo 3. 00
1D ot heater TubesS: CH wocceo .20
SQuare PiTCh tOr heater Of Cooler tube array, cm. « 40
Seal lensth: Cm —.. , .50
Diaseter ©f wire In masrine MICRONS oo 208. 62
Porosity of macrin, PER CENT 70. 80
Ratio Ot ti0Ow area to tace area I(n reseneraror .. 6. b2
Radial 1ensth Ot Cooied hairf PIN TULES) CManawc-ma. 3. b0
1D ot Coolefr TUDLES) CM wmeo .20
Linear senerator parameters?
Specitic weisht Oof aliternator at 60 Hzy ke/xH(e). 8. 00
Ett.clency Of The aIlernator: Pef CeNt amrceeeeeoo S2. 20

Marcini Ens. Isothermal

POWER. NATTS
Thermo. P. Pist,
Thermo. Dispi.
RAdiabatic Corr,
Heat#r t10w 1058
Resen. t low tOsS
Cooier tiow loss
Dase. Dr. Pwr. Reamt.
Net Ens ine¢ Power
Riternator Loss
NEY ELECT. POWER

OVERALL EFFICIENCY.

Tanperatures., K
0D Gas Heater
Ettecr. Hot Gas
E+ttecr.Cola Gas
0D Gas Cooler

Weishts, x9
Hot Cri inder
Heater tubes

Rees, Mail
Rery, MNaxrinx
Cyi. Wati

Displacer
Dise1.Drive Rog
Dispi.D.R. Support
Ccoier Tubes

Cota Criinger
Rivernator

TOTAL WEIGHT

Nuaber ot heater tTubes

Analysis of FPSE-ARiternator Power System
HERT REQUIREMENT., WRTYS

122949. 80 Thermodynamic 367338, 50
51665, 23 Adiavatic Corr. 16936. 30
-21899.48 Reneat loss 6£392.90
171€6. 66 Shuttie loss 49,60
20587. 43 Rependin 108s 31942.90
13798. %6 Temp.3Wine 1088 250.18
-147.31 Cri. Wai Cond. 193. 36
121050, 32 Diseicr Wait Cond. 46R3, 93
10123. 03 Regen. Wail Cond. 9313. 14
91092, 57 Cri. Oas Congd. 2. 18
19. 26 Resen. Mix. Cond. 6943.35
Rad. Inside Dispi. . 00
1602. @2 Fiow Fric. Credlt =274E0, 37
15€6. 82 Total Heat to Ens. 472909, 90
822.19 Dispi.Dr. Hear -147.31
799.72 Ensine Coolins 371712.30
ARlternator coolins 191035, B3
39. 22 Lensths:, cm
. 15.36 Ensine 32.ES
1.55 Riternastor 82. 71
6. 16 Bounce Seace 6. 75
.21 TOTAL LENGTH 122. 11
30. €3 Diameters: cm
« 15 Ens.Cri.0D 23,02
2.67 0D Ann. Resen. Je. 3o
1. 24 Wal)l Thicknesses: Cm
23.93 Hot cvlinder 2.9
1E1.689 Cold ¢cytinaer N
303. 62 Riter. cvylinder . 4B
215 “Heater .05

ORIGINAL PAGE IS
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ORIGINAL PAGE IS
INDEPENDENT INPUT VALUES OF POOR QUALITY

Prosram control Parameters!
Case number detined by OPErator.
Graphic ovtion 2=noi l=res..
Conv. criteria ‘(Frac. chanse INn INVEeSTais. Joueauua
Number ©f time sStepPrs per Crcle.

Entine operatins condivions?

Averase wOrkine vas pPressure: bar
Hetal temperature ot vas heaters K
Retal temperature of sas coolelnr K
Pressure vessel temp, Of alt. and b. spPaces I .o
Ensine speedy Hr_____ ———

Cyliinoar gimensions and materials
Raximum disPlacer and Power PIstONn SLTOKe:s CM ..
Diaseter Of powar PisStON and ensine CY¥lev CM e
Cap betwean disPlacer and Cylinder walils CM cmae.
Displacer rod diaseter, cm

Number Ot fadiation shielas In disstacer, -
Heatery reésenerator, <oolers.

’ Number 0f heatefr and COOIEr TULE TOWS macmaao ———
Radial tensth Ot heated halr PIN TULES) CW ceccmea
1D 01 heater TUbLES: CM e -
Square Pitch 1Or heater OFr cooler tube arravs Cm.
Seal 1enIth) CM cemea -—

Dianeter Of wire in matrixy MICRONS coceccccacaaa

Porosity ot matrin, PER CENT
Ratio ot 110w area tOo Yace area In resenerator ..
Radial lensth of Cooled hair PIN TULESY CMcmccaea
1D Ot cooler tubes, Cm
L inear senerator parameterst
Specitic weloht Of alternator at 60 Hzy ks/kW(e).
Etticiency Of The aIternators Per CONY aececacaea

i@

1
. 203000
24

42Q.00
1600. 20
S0a. 20
Sea., ae
240, 20

1.50
2. 00
.10
7.€0
10

135
S. 08
. 20
. L0
. S50
20. 22
70.00
6. 20
3. 00
.20

8. e
90. 22

Martini Ens. Isotnermal Analysis of FPSE~Aiternator Power System

POWER: WATTS HEAT REQUIREMENT: WRTTS
Trhermo. P.Pist. 93492, 33 Thermodvynamic 349528. 20
Ynermo.Disel. SO4LES. BD Rdiabaxic Corr. 152687, 3¢
Rdiabatic Corr. ~-259819. 71 Renheat 1053 53506. 61
Heater tiow 1088 15618. 66 Shuttie lOss 44, 87
Resen.t 10w 1CSS 21071.83 Aependin 1088 23008, 89
Cooi@r tiow 10SS 13764.10 Tenp.uswine 1088 182.10
Ds®. Dr. Pwr.Reamt, -16,01 Cri. Wai1l Consd. 170. 49
Net Ens ine Power 67672.60 Dispicr Wait Cond. 4687, 45
Riternator Loss 6767.26 Resen. Wai1 Cond. 4BE2.90
NET ELECT. POWER E0321.35 Cvi. Gas Cond. 1.97
OVERALL EFFICIENCY, % 14,12 Resen. Mix. Cond. £282.33
Tenperatures, K Rad. Inside Diwmsnl. .. 8D
DD Oas Heater 1E@1.E4 Fiow Fric. Creait -26134. 38
Ettrecr. Hov Gas 1568.73 Totai Heatr to Ens. 431308. 60
Ettect.Coid Gas 922.57 Disel.Dr. Heat -16. 013
0D Cas Cooier £99. 73 Envine Cooline 363700, 20
Weishts: kK3 Riternator coolins E7€7. 26
Hov Criinger 39,22 Lensths:, cm
Heatelr Tubes 15. 36 Ensine 32.€5
Res. Wa il 1. 59 Alvernator S53. 39
Ree. Marrinx 6.16 Bounce Grace 6. 73
Cri. Wail .21 TOTAL LENGTH 94.79
Displacer 33. 39 Diameters:s cm
Disei.Drive Rod « 77 Ens.Cr1.0D 25. 02
Dispi.D.R. Surrort 2. 67 0D Ann. Resen. 3. 30
Ccoler Tubes 1.24 Wail Thicknesses:s Cm
Coid Criinder 18. 89 Haot criinger 2. 33
Al ternazor 121.81 Coid criinder « 40
TOTAL WEIGHT 242.47 ARiter. crviinder A
Nunber of heater tunes 2356 Heater . ]

A-17



INDEPENDENT INPUY VALUES
Prowram contros parameters!

Case number getined by oPeratofr. 13
Graphic option B=no, imyes._. 1
Conv, criteria (Frac. chanse IN INtESFrals. ) ceano . 805020
Number Of time steps Per cCrcle. 24
Ensine operating condivions?
Averase workKine 9as pressure:, bar 400, 20
Netai temperature of 9as heatelrs Koeo e 1300, 82
Retal Tenperature of sas cooler. K -— 920. 20
Pressure vessel! temp., Of alt. and b. seace, K .. 500.00
Ensine speeds Hlmeweoo 240,00
Criinder dimensions and materials
Hawimunl displacer and POwWer BPIatON BLroke: CM .. 1.50
Dianeter Of POwWer BISLON ANd ENIINE CY¥les CM cmee 20. 02
Car between disSplacer and criinder walls CM cmeeo .10
Dispiacer 10d diamMeler) CM cocacmccccccecaee r———— 7.70
. Nusber Of ragiation shieios in displacery ocee.—- 10
Heater, resenerator. coolers
Nuaper Ot heater and CoOIler tUDLE TOWS oo 15
Radial 1ensth of heated halr PIN TULES) CM weeen S. 0
ID ot heater tUDES: CM cceeeeo — .20
SQuare PitCh tOr heater Or COOler tube array.s Cm. .40
Seal 1@nIThy CM e - - . 50
Diameter ot wire in matrins MICRONS mceeao_ c————— 20. 00
Porosity ot masrix., PER CENT 72,20
Ratio Oof tiOw area 10 tace area In ressnerator .. 6. 00
Radial 1ensth ot cooled halr PIN TULEST CMevcceueo S. 00
1D ot cooier Tubes, cm .« 20
L iaear senerator parameterst
Specific welInht OFf alternator at 60 Hz: k9/kk(e)- 8. 00
Etticlency Ot the AIternatory Per CONTY emveeeceea 98. 20
Martini Ens. Isothermal Analysis of FPSE-Alternator Power System
POWER, MWATTIS HEAT REQUIREMENT, WRTTS
Thermo. P. Pist. 768363, 90 Thermodynamic 329692. 10
Thermo. Disel. Se35e. 87 Rdiabatic Corr. 14323, 94
Adiabatic Corr. -29025, 59 Reheat l10ss 49374.72
Heater tiow 108S 1370E. 200 Shuttie l10ss 37.61
Resen.t iow 1CsS Z02ZE7. 86 Reoendix loss 20016, 69
Cooler tiow 0SS 14513. 13 Temp.swins l10ss 176.75
Dsp. Dr. Pur. Reamt. 151,27 Cri. Walt Cond. 145,39
ket Ensine Power 47340, 31 Diseicr Wal1 Cond. 3461.77
Alternator Loss 4734, 83 Resen. Wall Cond. 3419, 34
NET ELECT. POWER 42653, @1 Cvi. Gas Cond. 1.63
OVERALL EFFICIENCY. x 18. 33 Resen.. Mix. Cond. S52E6. 86
Tenperatvres: K Rad. Inside Disnl, .02
0D Cas Heater 1501. 41 Fiow Fric. Credit -23839. 93
£ttecr. Hot CGas 1470.93 Total Heat o Ens. 410076.90
Ettect.Colad Gas 922,22 Displ.Dr. Heats 151.27
0D Gas Cooter 899. 73 Ensine Cootling 3£2887. 90
Weiohts, K9 Riternator coolins L4734, 03
Hot Criinder ¢ 31.24 Lenstns: cm
Heéater tubes 12.23 Ensine 32.65
Res. Wail 1.28 RAiternator 38. 75
Rey. Ravrix E. 16 Bounce Sepace 6.75
Cri. Wali .21 TOTAL LENGTH 7€.195
Displacer 30.65 Dianeters: cm
Disei.Drive Rod «79 Ens.Cr:1.0D 24,00
Disei.D.R, Suppore 2. 67 0D Ann. Resen. 34, 28
Cooler Tubes 1. 24 Wall Thicknesses: Cm
Cola Criinaer 14. 34 Hot criinger 2.00
Riternaxor 83, 2% Cold crylinger .40
TOTAL WEIGHT 186. 22 Aiter. cyilnder .40
Nusber of heater tubes 2356 Heater .04
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INDEPENDENT INPUT VRLUES

Proerain CONIIol pParameters?

Case number devined by ORerator. 13

Grapnic omtrion Q=no.
Conv. criveria (Frac.

chanse

1278 cncemcvccc e c—a— ——— 1

IN INYeITA IS v » DOSRRO

Nusoer of time siePs Per Crcie. 24

Ensine oreratiny condizionst

Averase working sas sressure,

bar 4020, 22

Metal tenmeratufe Ot %as heater, K 1500, @@
Metal Yenmperature of vas cooler, K - 8Q3. 20
Pressure vessel temep. Of alt. and b. sSpPace: K ___. 500.00
Erivine speeds HIomoooo 240. 00
Cyilnder dimensions and materials
Naximunm disPlacer and POwer PISION STIOKEe» CM o 1,58
Diamervsr Ot POwer PiStOh and envine C€¥l.r CM oo 20. 82
Gae between agisPlacer and criinder wall, CM _aeo. .10
Dispiacer rod diametefrs €M —weo 7.6
Nusber of radiation shields (N disSPlAC@®lY cmeea. 1D
Heater, revenerator. cooter!
Number oOf heater ana COOIEF YTUDE TOWNSE weecccacea- 15
Radial lensth ot heated Nalr PIN TUDESs CM e 5. 20
ID of heater tULES: CM aceao - .20
Square pPitch 107 neater Or CoOler tube Array:, cm. . 40
Sedl 1&nNIthy €M o =1")
Diameter Of wire IN matTiny MICRONS oo e - 20. 02
Porosity Oof matrix: PER CENT ——— - 70. 20
Ratio Of 1i0w area 10 facCe area In resenerator .. 6. 20
Radial 1enytn Of cooled halrl PiN TULES) CMevcmeea S. 00
1D ot Ccooler tubes: ¢Cm o . 20
Linear senerator sarasneters?
SpecCcitic weisht Ot atternator at €0 Hz, ka/kW(e). 8. 02
Efticiency Ot The a1ternators Per CONY mmvecceee 90. 002

Martini Ene.

POMER, WATITS
Thermo. P. Pisy, 105861, 9@
Thermo.Disei. 21620, 38
Rdlabatic Corr. ~24398. 17
Heater tiow (0SS 17283, 33
Resen.f(ow 10sS 19778. 89
Coocter 1iow 108s 143E1. 32
Dso.Dr. Pwr. Reamt. 25,73
Kev Ensine Power B1463.72
Aivernator Loss B14E, 37
NET ELECT. POWER 73291.62
OVERRALL EFFICIENCY, % 1€, 26
Tesperatures, K
0D Gas Heater 1521. 53
Ettect. Hot OGas 14EB. B@
€Ettecr. Coto Cas 821.75
0D Gas Cooier 798. 72
Weignta, ke
Koty Criinger 31.24
Heater tubes s 12.23
Rev. HWall 1.28
Res. Matrix 6. 16
Cyi. MWati .21
Displacer 26. 38
Dispi.Drive Rod « 77
Dispt1.D.R. Suprort 2. 67
Cooier Tubes 1. 24
Coid Criinder 20. 30
Rlternator 146. 83
TOTAL WEIGHT 249. 32
Nusber of neaver tubes 2356

Isotherma)l Analysis of FPSE-Alternator Power System
HEAT REQUIREMENT, - WATTS

Thermoarynamic 3574841.40
RAdiavazic Corr. 1E015.05
Reheav loss 62109, 37
Shuttie loas 42,43
Appendix ioss 28546, 00
Temp. 3swins lOss 246, 31
Crt. Wali Conda. 168, 31
Disetcr Watt Cond. 3449, 42
Resen., Wat1 Condg. 3958. 40
Cvi. Gas Cond. 1.86
Resen. Mix, Cond. 85%41.67
Rad. Inside Disel. » 20
Fiow Fric., Credit -27172.77
Tota! Heat o Ens, 430787. 40
Displ.Dr. Heat 25,73
Ensine Coolins 369349, 40
Alvernator cooling B146. 37
Lenstha, ¢m
Envine 32. 65
Riternator €£6. 68
Bounce Space 6.7%
TOTAL LENOTH 126. Ue
Dianeters, com
Ens.Cr1.0D 24.00
0D Ann. Reven. 30. 2
Walil Thicknesses: ¢m
Hot cr!linder 2.0
Cold ¢¥linder rA-
Aiter. crviinder A
Heaver .04
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INDEPENDENT INPUT VALUES
Prosram control parametersi

Case numo@r detined BY OPEraAtOf. cmcmmcmcrccc—m——-
Grapnic oPtion B*NO: 1™yYeS. cmcccwaao -
Conv. criteria (Frac. chnanse In INtesTaIS.)cccu-
Number Of time sLePs Pel CycCle. .. -

Ensine orerating condgitions!?
AVerase wWOTKine 343 PressuUre®r BAlaecamccccccncececaa

Nnetal tenperature Of 3as heaters Koo -
Netal temperatute Of 3as COOIONY Kawommcccamea -
Pressure vessel temp. Of ait. and b. spaces K .
Ensine speedy HI_ oo - -

Crilnder dimensions and materiails
Maximum displacer and POwer PIBTON BILIOKE®: CM wme.
Dianerer Of pPower BiatOh and eNSINE® Cri.v CA e
Gap between diaplacer and Crlinder wally CM ceea.

Displacer rod diametrtely CM ceveme- - o = = -
Numper Of raglation shieids In dISPlaCe®ls ammaaao
Heaters, resenerators coolerd

Number Ot heater andg Cooler TUDE® FOWS cmmccccccaea
Radlal lenstn Of heated halrlr RIN tubes) CM wcacaaa
1D of heater tuUbePS: CM mcccaccamaa

fQuare eitch tOr Nneater or cooler tube arrar, cm.
S®al 1eNIThy €M e ———

Diandter ¢t wire in matrin, MICRONS e -
POrcasity ©f matrin: PER CENY concaccacmccccccc—a—aa
Ratio ot fiow area tO tace area Iin resenerator __
Radial 1enIth Ot CoOled hall PIN TUDESy CMucwwcema
ID ot Cooler LUDLES: CM macaaccccncnvcccccncca—- -

L Inear senerator parameterst
Specitic weiant of aiternator at 60 Hzy ke/kW(ed.
EttiCienty O the aITernators Pel CONY mmcacmeea.

13
S.ap
.20
« 40
-1
20. @9
70. 00
6. 02
S. 00
. 20

8.00
90. 0o

Martini Ens. Isothermal Analysis ot FPSE-Riternator Power Srysiem

POWNER. WARTTS HERY ‘REQUIREMENT: WATTS
Thermo. P.Pist. 138907.20 Thermodrnamic 378170. 20
Tnermo. Disel. 53180.17 Adiabatic Corr. 17876, @8
Ralawaric Corr, ~191E7.%56 Reheat 1038 78286. 38
Hiratel 110w 0SS 19220.76 Shuttie lous 46. 71
Resen. 110w 10ss 19291. 35 Rependix loss 40414, 66
Cool@r 110w 108S 145B6. 36 Temp,.swWins i0ss 348. 26
Dse.Dr. Pwr.Reamt, ~9a.78 Cri. Wal1 Cond. 190. 71
Net Ens ine Power 119719.60 Dispicr Wall Cond. 3341. 60
Alternator Loss 11971.96 Resen., Wall Cond. 44B8%.16
NEY ELECTY. POWER 107838. 40 Cyvi. Oas Cond. 2. 03
OVERRLL EFFICIENCY, % 21.53 Resen. Mix. Cond. 6342,33
Tenperatures: K Rad. Inside Disml. .00
0D Gas Heater 1321.72 Fiow Fric. Credix -28866. 44
Ettectr, Hot Oas 1466, 24 Tortai Heat t0 Ensg. Seanl7. %0
Ettecr.Cold Gas 721.48 Disei.Dr. Heat -9, 78
0D Oas Cooier £99. 7} Ensine CooO!inse 381027, 50
Welshts:, 3 . ARiternator coolinse 119731.96
Hot Cyiingar 31.24 Lensths, cm
Heater "tubes 212,23 Ensine 32.65
Res. MWail 1. 28 Aiternazor 97. 99
Kea., Raxrix 6. 16 Bounce Space 6.73
Cyi. Wali .21 TOTAL LENGTH 137.39
Displacer 22.55 Diameters, cm
Disel.Drive Rod .79 Ens.Cy1.0D 24. 00
‘Dispi.D.R. Suesore 2.67 0D Ann. Resen. 3a. 28
Cooler Tubes 1.24 Walt Thicknesses: Cm
Coid Criinger 27.19 Hot crylinder 2.00
Riternazor 215.50 Coid crviinger . 4D
TOTAL WEIGHT 321.Q3 Aiter. crtiinder .40
Nusber 0f heater tubes 2356 Heaver . B4

A-20



INDEPENDENT INPUT VALUES
Proosram control varameters’

A-21

Case numbe! detinea by Operator. - 17
Crashic oPtion B*no. 1"res: caa- -—— 1
Conv. criveria (Frac. chanse N INtEeITa!N, )rne-- . B050RD
Nusber ot time steps bPef Cycle. 24
Ensine oserating congivions?
Averase worxine 3as Pressures bafr 400, 00
Metal tempeTature Ot vas heaxer, K 1300. 20
Neta) temperature Of 9as COOI®rs Koo ERQ, 22
Presaure vessel temd. Of all. and hb. space, K ... 3500.80
Ensine speeds Hlmmoooeamacmea ———————— - o e o e o 240,00
Cyiinger dimensions and materials
Haximum displacer and POwer PISTON SLrOKke®s CM e 1. 30
Diamerver Ot pOwer PIiStON and en9ine® Crles CM e 20. 20
Bar between dispiacer and Cy!Inder Walls €M mee_. .18
Displacer roc diametely €M ceveo - 7.40
Number ot radlation Shields In diSPIACEOrN eeaan 10
H2aters reseneratory cooler:
Numb2r Ot heater and CoUlelr TUbE® TOWS cevcccmme—me- 15
Radial l1en9th Ot heated halir PINn TUDES: CM oo S. 00
ID ot n2ater tubes: <m .. - .20
Square pitch tOr heater Or Cooler tube array, Cm- .40
Seal 1ensths CM ceeo - . 30
Dianeter ¢f wire in matrixe MICRONS o 20, 00
Porosity ot matrine PER CENT e e 70,20
Rati1o ©f 4i0Ow area 10 face area Inh reseneractor _._ 6. @0
Radial lensth Of COoled hair PiN TUDES:T CMecmeado - S. 00
. ID ot cooier tubes: Cm «20
L inear senerator parameterst
Specitic welant ot alternator at E@ Hz, ke/kW(e). a. 29
Etticiency Ot Tthe alternators Pl CONY mecocemcee~ 92, 00
Martin) Erns. Isotherma! Analrvsis of FPEE-~Riternator Power Srstem
POWER, WATTS HERT REQUIREMENT, WATTS
Thermo. P.Pist. 176470.902 Thermodrnamic 422713, 00
Tnermo. Disel, 95131.77 Adiavatic Corr. 19936. 14
Rdiabatic Corr, -146B6.495 Reneatr 1098 939356, 82
Heat@r tiow 10SS 21679.87 Snhuttie (0as 3a. 38
Resen.tiow loss 18812.40 Appendix loss 857756. 91
Cooiar t10w 108sS 14498, 33 Temp, swiny |oss 304.19
Dse.Dr. Pur.Reant, -15E. 61 Cri. Wal) Cond. ’ 212.48
Net Ensine Power 1E31784,. 50 Diseicr Wali Cond. 3160, 44
Alternator Loss 1E178.45 Resen. Wal i Cond. 4937.27
NET ELECT. POWER 1457682.60 Cvi. Gas Cond. . 2.2%
OVERALL EFFICIENCY, % 23. B} Resen. Mtx. Cond. 7058, 43
Tenperatvres, K Rad. Insicge Diss). .00
0D Gas Heaver 1581. 94 Flow Fric. Creait -31086. 07
E+ fect. Hot Gas 14E3. @5 Totai Heat 10 Ens. 964724.20
Ettect.Coid Gas €£21.63 Disei.Dr. Heat -1356.61
0D Gas Cooler $99. 68 Ensine Coolins 402783.10
Weishts: K Riternator coolins 1€178. 43
Hot Crl indger 31.24 Lensths, cm
Heaster tubes § 12,23 Ensine 32.65
Res. HWal 1.%8 Riternator 132.42
Res. Naxtrix 6.16 Bounce Srpace 6. 735
Cvi. Watt .21 TOTAL LENOTH 171.82 .
Diselacer 19. 14 Dianeters: cm T
Disel.Drive Rod .73 Ene.Crvi1.0D 24,00
Dismri.D.R. Sumsort 2. 67 0D Arin. Resen, 3. 28
Cooier Tubes 1.24 Wall Thicknesses: cm
Coid Criinder 34. 55 Hot criinder 2. 020
Riternazor 291. 21} Cold cviinger A
TOTAL WEIGHT 400.67 Alter. cytinder Y
Nusber of heater tubes 2356 Heaver . B4



INDEPENDENT INPUT VALUES
Proaram CcOntrol paramecers?
Case numbar detined oY OPRFALOf. ccmvccmcecccaoe=~
Graenic oPLION RaNn0: Imyes. e e
Conv. criteria (Frac. chanse In INvesrais.)o ...
Number Of time StePsS PeT CVCI@: e
Ensine op2ratins conditions?
Averase working a3 Pressure: badfo e cccaccccwn=
Metai tenperature of 94as heater,
Netal temperature ot %as coolery Koo oo
Pressure vessel temP. Of alt., and b. spPace, K
Erisine speede Mloooo oo —————— - e i 0 2 e e o e e
Cryliinder dimensions and materlals
Maxinmunl g isPiaCerlr and POwWer PISTON ATTOKE®r CM oo
Diasmeter Ot POW2T PIiBTON and €NVINE CYlesy CM e
Cae betwedn displacer and Crlinder walis CM aceaa
Displacer rod diamevers C# omeeeo
Numb2r Ot radiat:on snieids In displacer,
Heater, resenerator. cootert
Number Of heater and COoOler TUDLE TOWS o caa-
Radlal tenstnh OY heated halr Pin Tubes: Cm
ID 0f Neater TULES:) CM maee e ccccrme—————
Square Pitch tOr neater Or cooler tube array, cm.
Se@al 1enIthy WM e
Diameter ©of wire in matrixs MICRONS
Porosity ot matriny, PER CENT oo -
Ratio Of tIOw area 10 tace area In resenerator ..
Radial 1evvth Of cooied halr BiN tUDES fMaccceea.
ID 0t COOI®r TULES) CM e
L inear senerator paraeaneterss
Specific welant ot alternator at €8 Hz, xa/xkWie)_
Efticiency Oof the allernator: Per CONV e

| S

ﬁariini Ens. Ilsothermal Anaitvsis ot FPSE-Alternator Po

POMER: WATTS HERY REQUIREMENT. WART
Thermo. P.Pist. 220117.00 Thermoaynamic
Trhermo. Disel. $7642,42 Rdlabatic Corr.
Rgiabatic Corr, -S605. 65 Renheat t0ss
Heater 110w 10886 24948, 44 Snuttile lOoss
Resen.tlow 10SsS 1E35E. 53 RApeendix lOoss
Cooler tiow 10sS 14275.84 Temp.swins joss
Dse.Dr. Pwr. Reamt, -66. 24 Cri. Wall Cond. .
Net Engine Power 210511, 40 Diseicr Wati Cond.
Aiternaztor Loss 21@33).14 Resen. Wai i Cond.
NET ELECT. POWER 1£9526. 50 Cri. Gas Cond.

DOVERALL EFFICIENCY, % 29. 14 Resen. Mtx. Cond.

Tenceratures, K Rad. Insiae Disol.
DD Gas Heaver 1502.23 Filow Fric. Credit
€¢tect. Hot CGas 1458. 89S Total Heat o0 Fns.
Evtect. Coltd Gas 522.33 Dinel.Dr. Hear
0D Gas Cooiler 499. 635 Ensine Cooline

Weiwhta, Ko Rivernator coolins
Hov Crtinger 31.24 Lenatns:, cm
He ater tubes ¢ 12,23 Ensine
Res. Wall 1.28 Riternator
Res. Mavrix 6.16 Bounce Srpace
Cyi. Waill « 2} YOTAL LENOTH
Dispilacer 1€.12 Diameters:, cm
Disp1.Dvive Rod Y A Y Ens.Cy1.0D
Dispi.D.R. Suprors 2.67 OD RAnn. Resen.
Cooter Tubes 1.24 Wall Thicknessess Cm
Coid Criingcer 43, 17 Hot cry l'inder
Riternetor 378. 92 Cold cyiinder
TOTRL WEIGHT 493.83 Riter. crv!inder

Nunber of heater tubes 2356 Heater

A-22

16

. Q050022
pIN

4«00. 22
1500. 00
300. 00
500. 10
240,00

1.30
20. b2

.10

7.30a
12

13
3. 00
.20
<40
.00
20. 00
70.00
6.00
S. 00
.20

8. Q2
S8. 2

wer Srstem
18

432669, 80
22314.97
127998, 30
53.38
84632, 66
757. 06
233.49
2924.37
S491.38
2. 34
7473.38
. 00
-34127.70
650425, 4
-66. 24
439847.80
21051, 14

32.€5
172. 314
6. 73
211.71

24.00
3e.28

2. 00
« 40
Lo
. 84



INDEPENDENT INPUT VRLUES
Program Ccontrol pPafameters?

Case number detined by OPErator, —.. 22
Graphic opPtion -@=nos leyes. . 1
Conv. Criveria (Frac. chanvse INn INtESrals,)aaa... 005000
Number Of time StePE Perlr Crcle, 24
Ensine operating conditionsd
Averase workKine sas eressures bar 4DB. B0
Metail temperature Oft sas heater, K 1400. 00
Aetal zemperature ot %as cooler, K S500. 00
Pressure vessel temo, Of alt., and b, SPaces K ... S00,00
Ensine soeedy Hio—weooo 240.00
Cryiinder dimensions and materiais
Manimum diSPIACer and POWEr PIStONn STroOKes Cm oo 1.50
Diameter Oof pOwer piston and ensine CYl.v CO o 20. 00
Car between diSPIACSPr and Criinder walils CM cee—o .10
Displacer rogd diamever:s cm .. e me e —————————— 7.42
Nusber of fagiation shields Ih displaCerl amceao 10
Ha2aters resenerators coolert
Number Of heatlér and CoOler TULE FfOWS mmemceeo. 15
Radial lensth of heated hair Pin Tubes) CM oo eo 5. 00
ID of heater tubes: cm - . 20
Square PitCh 1O0r heater Of cooler tube array: cm. . L0
Seal 1eN9ths CM ecccece e - - 1]
Diameter 0t wire In matrix: MICRONS ccccmcmcee e 20. @2
Porosity of matrix, PER CENT ———— 70. 00
Rati© Of 11Dw ar®a 10 tace area In resenerator .. 6. 00
Radial tensth ©f cooled hair BPIN TULES) CMeocaa. 3. 20
1D ot cooler tubes: cm .20
[ indar senevrator varameterst
Speciftic welsht Of alternator at 60 Hz, ke/kH(e). 8. e
Efticiency Of The alternatory Pef CONY aeecmmcca. 90.00
Martini Ens. lsothermal Analysis of FPSE-Aiternator Power System
POMNER, WATTS HERT REQUIREMENT. WATTS
Trhermo. P. Pist. 201795, 80 Thermodrnamic 421071.350
Thermo.Displ. S793E. 74 Adlavatic Corr, 21421.09
Rdiabatic Corr. -113€0.98 Reheat 1033 122773. 50
Heater 110w 108S 25211. 74 Shuttie loss 4E, 80O
Resen.flow 10ss 17512. 21 Aecpendix 1083 78626. 38
Ccoter 110w 103s 15251, 54 Temp. swing l10ss 7€8.22
" Dse.Dr. Pwr.Reamt, 20. 83 Cri. Wailil Cond, 208. 91
Net Engine Power 190434, BD Diseicr Wali Cond. 2183.99
ARiternator Loss 19043, 48 Resen. Wali Cond. 4029.61
NET ELECT. POWER 171370, 50 Cri. Oas Cond. . 2,06
OVERALL EFFICIENCY, % 27. 48 Resen. Mtx. Cond. 63558, 26
Teaperatvres, X Rad. Inside Disnl, .00
0D Gas Heatver *4L401.70 Fiow Fric. Credit -33967. 84
Et tect. Hot Gas 1361. 356 Total Heavy to Ens. 823722. 40
Ettecr.Coid Gas S521.64 Disei,Dr. Heat 20.83
0D Cas Cooler 499. 65 Entsine Cooline 433308, 42
Weights, Ke Aiternator coolinye 19043.48
Hot Criinder , 26.50 Lensths: cm
Hedter tubes * 9.%9 Ensine 32. 65
Res. Ha 1. @5 ARiternator 153. 8?7
Rea. Maxrix 6. 16 Bounce Seace 6.73
Cri. Wail .2} TOTAL LENGTH 195,27
Diseiacet 13, 46 Dianeters, cm
Disepi.Drive Rod . 74 Ens.Cri1.0D 23. 14
Diset.D.R.Susesort 2.67 0D Ann. Resen. 3a. 26
Laoler Tubes 1. 24 Walt Thicknesses, cm
Cotd Criinger 39. 56 Hot c¢riinder 1.57
Riternator J4u2.78 Coid crviindger .40
TOTAL WEIQHT 441,95 Riter. cylinder . 40
Nusber of neater Tubhes 2356 Heater . 0>
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INDEPENDENT INPUT VALUES
Prosram controt Parameters!?
Case nump?r d€tiNed BY OPETALO(N. cemcmmcecmrecmec——
Grasnic option B*no: 1=yes. - -
Conv. criteria (Frac. chanse IR INVe9raiS. )aceuanuo
Number Of time sStePs Pefl CrsCIC€. o -
Ensine operating conditions)
AVverase WOrkKing 924% pressure, bar
Metal temperature Of ¥as heatel: Koamomcacncaaaw
M2tal temperature Ot sas cooier, X
Pressure vessel temp. Of altl. and b. spaces ¥ oo
Evivine sPeeds Hlacoaaao ——
Cyiinger dimensions and materlals

Makimun gisPRiacer and POWEr BISTON BSTTOKE®Y €M wa.

Diameter Ct POW?r PIistON AND SNV INE Cr i CM e

Gap vetween dissiacer and Cylinder wall, C® cceea

Dispilacer rod diametely CM wcewce.

Number Of radgiation shields In disPlaCel ceoceme-
Heaiters, resenerator, ¢cooiert

Number Of heater and COOIE®r TUDE TOWS cacuccaccaaa
Radial lensth Of heated halr 2in TULES: CM e
ID ot heater tubes: cm
Saquare Pitch tOr heater OF cCOoOler tTube array, <m.
Sedl 1enPTIhy €M e
Diameter Ot wire In mavrins MICRONS oo
Porosity ot mavrixs PER CENY e ——e——
Ratio Ot 110w area L0 faéce area In resenerator ..
Radial lensth Of CoOled hair PN TULESY CMacaccm-
ID of ¢cocler YTUDEPS: CM oo
Linear seneratar parasneterst
Specitic weiasht Ot alvternator at EB Hz,
E4ticiency Of the ailternator,

ke /kli(e) -
PEr CONY e

Martinl Ens.

POWER, MATTS HEAT REQUIREMENT,

Trhermo. P.Pist, 158093. 32 Thermodrynamic
Trnermo. Disp). 55347.13 Rdiabatic Corr,
Rdiabatic Corr, -170080, 3 Reneat io0ss
Hrater 410w 108S *1E73.08 Shuttie 10sS
Resen.tiow 10sS 1797€.95 Ropendix 108S
Cooler fiow (0SS 15434.353 Teas. swins loss
pue, Dr. Pwr.Reamt. -67.33 Cri. Wal1 Cond.
Net Ensine Power 141993, @0 Dispicr Walt Cond.
Aiternator Loss 14109, 30 Resen. Wail Cond.
NET ELECT. POWER 127051. 02 Cri. Oas Cond.
OVERALL EFFICIENCY.: % 23. 356 Resen. Mtx. Cond.
Tenperatures:. K Rad. Insiae Dinel.
0D Gas Heater 1401. 47 Fiow Fric. Creait
Eftect. Hot Oas 13ES, 57 Total Heat to Ens.
Evtecr.Cold Gas E21. 04 Disei.Dr. Hear
0D Gas Cooler 599.69 Ensine Coolins
Welants, «s Riternator coolins
Hot Cri inger 24.50 Lenstha: cm
Heater tubes 9. 59 Ensine
Res. Wall 1. 03 Riternasor
Res. Natrinw €.16 Bounce 8Space
Cri. Waii .24 TOTAL LENGTH
Diselacer 16. 12 Diameters, c¢m
Dispi.Drive Rod .76 Ens.Cy),0D
Dise!l.D. R, Sumprort 2. 67 0D Ann. Resen.
Ccoler Tubes 1. 24 Waltl Thicknessess Cm
Coid Criinder 30.93 Hot crilnger -
‘Riternator 253.97 Cotid criinder
TOTAL WEIGHY S47.19 Aiter. cylinaer
Nunpber ot heater tubes <3I5€ Heater

A-24

. 025020
24

420. ke
1408. 00
£00. 80
S08. v
2460. 00

1.30
20. 00
.10
7.52

10
13

S.00
.2°
.40
- 50

20. 00
70. 00

6. 020

3. 00
.20

8. 00
98. 20

Isothermal Rnalysis ot FPSE-Aiternator Power Srstem
WATTS

J91489. 32
19081. 81
94267.33

43.68
SZE35. 52
S85. 42
187.79
2331.99
3£22. 23
1.92
€119.89

. B0
=30863. 35
339363, 32
-67.33

338203. 00
14103, 30

32.63
113,49
6.75
134.E9

23. 14
30. 26

1.57

.ag
« L0
.3



INDEPENDENT INPUT VALUES
Prooram control paraseterst

Case number detfined ‘by operator. -— -
Grashic ortion B=no, l=yes. - _— -
Conv. criteria (Frac. chanse INn Intesrals.) __-_

Nusper Of tTime SLePd Per CYCI®@. cao
Ensine operatinge condit,onst

Rverase workine sas pressure: bar -
Metal tespPerature ot sas heaters K

Aetal tenperature of sas Coolery Koo e
Pressure vessel temP, Of alt. and b. sPacer K oo
Ensine speeos Hroo o -— _———

Cyliinder dimensions and materlals
Raximum displacer and pPower PISTON SLTOKes CM .
Diameter Ot POwer Piston and €NsiNe CYler CM meaw

Gap between diSplacer and CrIINder wWalls CM e
Displacer rod dianelery €M cmeeao
Nusber ot radiatlion shieids In dispPlaCer amaceoo

Heater:. resenevator,. cooler?
Nunuer of nheater and COOIler tUDS TOWS wrcammacmcaaa

Radial 1ensth Of heated haif PIN TULES) CM crceea
ID 06t heater tubes:) Cm .. -— - -—
SQuare eitch tCr heater or cooler tube array, cm.
Sedl 1ensthy €Ml e —

Diamester of wire In matrixy MICRONS wo oo

Porosity ot matrix, PER CENT __
Ravio Of 110w ar@a T0 tfacCe area In reseneravror ..
Radial lensth Of cooied hair PIN TUDES) CMecacmeea
1D Ot CoCler tubes: Cm .
Linear senerator parameters? .
Specitic weisht Qf alternator at 60 Hz, kxe9/kW(e).
Etticiency of the aiternator: Per CeNt oo ———

Martin) Ens. Isothermal Rnalrvsis of FPSE~Riternator Po

24

1
. 003200
24

400. 00
1400. 202
700. 00
S020. ve
240. 00

1. 350
20. 00
.10
7.E2
10

13 -
S.00
.20
-
« 30
20. 00
78. 09
6. B0
3. 00
.20

8.00
90. 80

wer Srstem

POMNER, WRTYS HERT REQUIREMENT, WRTTS
Thermo. P. Pisx. 1204EB. 30 Thermodynanic 367263, 80
Thermo. Disel. S53312.27 Adiavasic Corr. 1£896. 81
Rdlabatic Corr,. ~22084. 44 Reheat i0ws T3IISE. 95
‘Heater tiow lOSS 193EE. 29 Shuttie loss 39. 688
Resen.f low 10ss 1B4E3, 14 Rependix lons 362835. 45
Ccoler tiow loss 15480, 08 Temp,8wing 10sS J44.66
‘Dmsp, Dr. Pwr. Reamt. -3. 08 Cri. Wali Cond. 1€5.93
Nét Ensine Power SE3IBL. 89 Diselcr Wall Cond. 2468. 07
-Riternator Loss 9838, 19 Resen. Wall Cond. 3208. 68
NET ELECT. POWER 88%4E. 77 Crvi. Gas Cond. 1.73
OVERALL. EFFICIENCY, % 1E. 56 Reven. Nix. Cond. 3586. 83
Tenperatvres: K Rad. Inside Dismi. . B0
DD Gas Heatver 16401.30 Fiow Fric. Credit ~28397. 86
Ettecr. Hot Gas 1368. bZ Tovat Heat 0 Ens. 477012, 20
Ettect.Coid Gas 721. 03 Disei.Dr. Heat -3.08
0D Oas Cooter €99. 71 Envine Coolins 378627. 20
Weishts:, ks Rtternator cooliny 9838. 19
Kot Cri inder 24, 50 Lensthss ca
Heater tubes ¢ 9.59 Envine 32.63
Res. Wal 1.@3 Riternazor 808, 33
Rev., Mavrix 6. 1€ Bounce Ssace E.753
Cri. MWali .21 TOTAL LENOTH 119.93
DisPlacer 19. 14 Diamerers: cm
Dispi.Drive Rod .78 Ens.Cy1.0D 23. 14
Dispi.D.R.Supsory 2. 87 0D Ann.Resen. 38. 26
Covier Tubes 1.24 Wali Thicknesses: cm
Cotd Criinger 23. 4E Hot cyiinder 1.37
Riternator 177. 09 Cold crviinder ]
TOTAL WEIGHT <ES. 89 Aiter. crviinder o 4P
Nusaber of nhedatrer tubes 2356 Heater « 83
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Prowsram <control

Heaver.,

INDEPENDENT INPUT VALUES
Parameters!

Case number defindd by OPerator.

Orapnic opPtion B=No:. 1®y@8: ccmceaen
Conv., criteria (Frac. cnanve IN (Nnteslails, omeae.
Nusber Of Time STePS POl CYCI@®i mmaecceme ,———————

Ensine oserating consitions?

Rverase workinge 24s Pressure., bar
Neta) tempPerature of sas heater.
Metal temperatuvre Oof sas Cooler,
Pressvre vessel teap. Of alt,
Evisine sPeedy Mlcecemcaae

| O S,

, SO

and b. sPacer ¥ ao.o

Cryiinger dimensions and materials

Raximum disPlacer and POwer PISTON stroke,
Diameter ot POwWer PiStLON and eNsine Cri,s
Gar betwen disPlacer and Criinder wall,
Disotlacer 10d diamet @l €M wecee_
Number of radiation shieids
feISNEratTor, Cooler)
Numnb2r Of heater and COOl@r tube TOWS .o ___ ————
Radial lensth Of heated hair 2in tubes: Cm
ID ot neater tubes: cm

[ P
€M Lo

CM e

In displacer.

- -

SQuare Pitch tOr heater Or COOlef tube array:

Sesl 1ensth,

Dianieter ot wire
Porosity Of matrix
Ratio of tiow area 10 tacCe area

Ragi al

Lin@ar senerator

In maxTrin,

Cm.

Paraseters!
Specitic weisht Ot alvernator at €@ Hz,
Evticiency Ot 1the alternator.

MICRONS e
PER CENT ..

A Ih Tesenerator -
iensth Of Cooled halr Pin tubes: Cm
ID ov cCooler tubes: Cm

ke /kWie)
Pel CONY e -

25

1
. 005000
24

400. 20
1402, 00
B800. 20
8508, 22
240,00

1.50
20. 00

.10

7.72
10

13
3. 00
.20
Y-
« 30
20. 00
70.00
€. o
3. 09
.20

8. 00
90. ¥d

Martin| Ens. Isothermal Analvsis of FPSE-Ai1ternator Power Srstem

PONER, WATTS HERT REQUIREMENY. WATTS
Thermo. P.Pist, E£74Q7.69 Thermodrnasic 34E869.90
Therno. Disei. S1E€2.29 Rdiabatic Corr, 15032.13
Adtawatic Covr, -28240.60 Reneat ioss 57352. 21
H&ater tIOw 0SS 173BE.82 Shuttie loss 33.58
Resen. tiow 1OsS 18956. 85 Aependix l1oss 24926, 26
Cooier tiIow 0SS 196434, 49 Temo. 6wins 1088 . 260.856
0se.Dr. Pur.Reamt, 127. 86 Cri. Wai1 Cond. 143,47
Nét Ensine Power €1167.09 Diseicr Waili1 Cond. 2514, 09
Alrernator Loss B811E. 71 Resen. Waiil Cond. 2767. 43
NETY ELECT. POWER 549842.52 Cvi. Oas Cond.  1.5bB
OVERALL EFFICIENCY, 12, 84 Resen. Mtx. Cond. 4972.72
Tewperatures, i Rad.Inside Displ. . 00
0D Gas Heaver 1401, 1€ Fiow Fric. Creait =-26866. 85
Eftecr. Hot Gas 1X271.08 Total Heat o Ens. 427988, 50
£ttect. Coia Gas £21.32 Diset,.Dr. Heat 107.86
0D Gas Cooiler 799.72 Ensine Coolins 366929. 38
Weiants, k3 Riternator coollny 6116. 71
Hot Criinder ¢ 24,50 Lenstns: cm
Heater tubes 9, 59 Ensine 32.€E5
Rwse. MWail 1. 05 Alternator S58. 07
Res., Mavrix 6. 1E Bounce ‘Erpace 6.75
Cri. Waii .21 TOTAL LENOTH 89. 47
Displacer 22. 55 Diameters: cm
Dispi.Drive Rod . 80 Ene.Cri.0D 23. 14
Dispt1.D.R. Sumrore 2.67 0D Ann.Resen. 30. 26
Cooter Tubes 1.24 Hat!l Thicknessessy Ca
Coid Criinder 16. 93 Hot criinder 1.57
Riternazor 118,18 Coidg crviincer Y]
TOTRL WEIGHT 193, 82 Alter. crlinder . L@
Nusber of heater tunes 2336 Heaver .23
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INDEPENDENT INPUT VALUES

Prooram SONTrol Paramevers!

Case number aetined by OPErator, 26
Grapnic option O=no. 1=yes, .. - 1
Conv. criveria (Frac. chanse In INTEITAIB.)ancea- 203000
Nusber o0t time stePs Ser Crcie. 24
Ensine oreratiny condlitions!
Averase woOrkins sas Pressures bar 4R0. 00
Meta! tesPerature of sas heavers K 1400. 20
Metal temperature ot sas coolery K - 920, 20
Pressure vesse| teaP, Of alt. and b, sPace, K ... 300.00
Ensine spPpoed: Hlaemeeoo - 240, 00
Cylinder dinlensions and materials
Haximun disPlacer and POwer PISTON ALTOKE®r CM oo 1.38
Diamerer of POwer PISTON and ENIINE CYier CM e 20, 002
Car between displacer and Cviinder wWally €M ceaaa .10
Displacer rod diameters Cm ——— 7.82
Nusber Of radiation shields In disPlacCers accea- 10
Heaters resenerator, coolert
Number ot heater and COOIe®r TUDE TOWS cemca- cem—= 15
Radial 1ensth of heated hal? PIN TULESY CM e 5. 00
ID ot heater Tubes: Cm .. .20
Square PITCh 1Or heater Or COOl@r tube arrars cam. . LD
Sedl 1€NSThy CM e -1"]
Diamerer Of wire in masrine MICRONS amcee- ——————— 22. 22
Porosity ot mavxriwn, PER CENT 708,00
Ratio Ot 1iOw ar2a 0 tace area In resenerator .. 6. BB
Radial l1ensth Ot <odied halr PIN TUDES CMaccca—- 3. 00
ID 01 COOI@r tTUDeS: CW e .20
Linear senerator pavaseterss
Seecitic weiant Ot alternator at 6@ Hz, ks/kW(e). 8. 02
Etticiency of The alternators Pef CONT meaeoo ——— 90. a3
Martini Ens. Ilsothermal Anaiysis ot FPSE-AlIternator Power Srstiem
POMER, "WATTS HEAT REQUIREMENT, WRTTS
Trhermo. P. Pist, S7877.68 Thermodrnamic 329344, 40
Thermo. Disei. 503508, 45 Adianatic Corr. 13273. 214
Rdiabatic Corr. -31842,90 Renheat 1083 44043.77
Heater 110w 108S 15781. 4% Shuttie (oss 38.62
Resen.tiow ICiss 19449, 43 Aependix I10ss 16874.79
Cooiwr tiow 10sS 153%26. 83 Temp.swing loss 169, 34
Dse. Dr, Pwr. Reamt, 230. 25 Cyi. Wall Cong. 120, 58
Net Ensine Power 2€@34.77 Diweilcr Wall Cond. 2469.65
Alternator Loss 2603. 48 Resen. HWail Cond. 2324, 38
NET ELECT. POWER 23201.03 Cri. Gas Cona. 1.33
OVERALL EFFICIENCY, % 3.98 Resen. nNtx. Cond. 4287.33
Tenperatures., K Rad, Inside Disel. .00
0D Gas Heater 1401. B Flow Fric. Credit -25506. 13
Ettect. Hot Gas 1273.12 Totatl Heat 0 Ens. 388233, 30
Ettecr. Cota Cas 921. 89 Diap).Dr. Hear 230. 25
0D Gas Cooier 899. 73 Ensine Coolins 3J62428. 78
Weiahts: k9 Aiternator coolins 2603. 48
Hot Criinger , 26.52 Lensths: Cm
Heater tubes ¢ 9. 59 Ensine 32.63
Res. Watl 1.@5 RAiternazor 21.31%
Res. Ratrinx 6. 1E Bounce Seace . B.73
Cyi. Wal . 21 TOTAL LENOTH €8. 71
Diseptacer 26. 38 Diameters: cm
Diseit.Drive Rodg . B2 Ene.Cr1.0D 23. 14
Dispi.D.R. Sumsort 2,687 OD Ann. Resen. 3. 26
Cooter Tuopes 1.24 Waii Thicknesses:s Cm
Coid Criindger 1Q. 81 Hot ¢y linder 1.57
Riternator 4E. BE Cold cviinder . 40
TOTAL WEIGHT 130, 29 River. cvlinder . 4B
Nusber of heater tubes 2358 Heaver . 03
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INDEPENDENT INPUT VALUES
Prosram controi eparameterss

Case nuab=r detined' by operator..._ 29
Graenhic option B=no: lmyes, 1
Conv. Criteria (Frac. chanse IN IiNteSrals. )ommaaa . 0035020
Nusber Oof time sStePs Per crcle. 24

Ensine operatine conaiticns!
Averase wGrKkins %as Pressure: bar - 40B.00 -
Netal Tenperature Of sas heater, K . 1300, 20
Netal TempPerature Oof 9as cooler: K - 900, 22
Pressure vesse! temp. Of ait. and b. seace, K ___ 5S00.02
Ensine speeds Moo v 240. 00

Cylindér dimensions ang materials
Raximum disPlacer and POwer PISTON STIOKEe: CM . 1. 50
Diameter Ct PoOwer PisStOn and ENYINe CY¥ler CM meen <0.00
Car betwe=n disPlacer and Criinder walls €M emee. .10
Displacer rood diamevers cm —__ — . 7.97
Number Of rTadiation sShields in displacery a___._ 10

Heaxer, resenevator, coolert

i Numper Of héater and COOIEr TUBE FONS mcmomcmccae 13
‘ Radial lensth Ot neated hair PIn Tubess CmM oo 5. 80

ID of heater tubes: cm . .20
SQuare pitch fOr neater or cooler tube array, cm. .40
Sedl 1eNILhy Ol e . S50
Diameter ot wire In maxrixe MICRONS oo __ S 20. V2
Porosity ot mavrine PER CENT . 70. 00
Ratio Of 1iOW area 10 tace area in resenerator .. 6. VO
Radial 1ensth Of Cooled hall PIN TULEST CMecmaeao - 3. @0
1D ot Cocler tubes: c<m .20

Linear senerator parvauneterst
Seecitic weisht Of alternator at B8 Hz, ke/kWle). 8. 00
Etticiency Of The 3I1Ternator: Per CeNt oo ceceee S0. 00

Martini Ens. Isothermal Analysis of FPSE~RIternator Power Srystem

POMER, WRTTS HEAT REQUIREMENT. WATTS
Trhermo.P.Pist. 37725.83 Thermodynamic 31E397.€E0
Thermo.Dispi . 50562, 21 Ralabatic Corr. 1211€.68
Raiabatic Corr. =-35E£96. 34 Renheat J0sS 399€E5. 28
Heater tiow 10ss 15838, 46 Shuttie 10SS . 23. 89
Resen. filow 10ss 18611, 31 Aespendix (0SS 13€7a. 31
Cooler fi10ow 10sS 168203.94 Temp.awine J10ss 159,69
Dse. Dr. Pwr. Reamt. 103, 89 Cri. Waii Cond. 95, 85
Net Ensine Power 2029. 49 Diselicr Wail) Cond. 1£79.39
AlLternator Loss 202.95 Resen. Wai1 Cond. 1510, 29
NET ELECT. POWER 1722. 66 Cri. Gas Cond. 1. @5

OVERALL EFFICIENCY., % Y Resen. Mix. Cond. 3348, 47

Tesperatures: K Rad. Inside Diseol. . 00
0D Cas Heaver 1308.78 Fiow Fric., Credix =-23144, 11
Ertecr. Hox Gas 1273. 30 Total Heat 0 Ens. 3E63821.3¢
Evtecr.Cold Gas 921.68 Disel.Dr. Heat 123.89
0D Gas Cooiler £99. 73 Ensine Coolins 3£3895. 90

Weiwnts, xs Rivernazor coollinse 202,95
Hot Crl inder . 18.87 Lensths:s Cm
Heater tubes ¢ 7.39 Envine 32.6%

Res. Wail . BE Riternator 1.686
Res. Mavrix 6. 16 Bounce Seace €.75
Crvi. Waili 3 TOTAL LENOTH 41,06
Displacer 22.55 Diameters: cm
Dispi.Drive Rod .83 Ene.Cri.0D 22,42
Dispi.D.R. Suppore 2. 67 0D Ann. Resen., 38.25
-Coorer Tubes 1. 24 Walli Thicknessess cm
Coid Criinaer 6. 61 Hotv crvliinder 1.21
Riternator 3. £35 Coigd ¢yl inger . 4B
TOTAL WEIGHT 71. Q6 Aiter. cvylinder .40
Nusber ot heater tubes 2356 Heater . 02
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INDEPENDENT INPUT VALUES
Program CONIrol ParameteErs?
Case numberlr detined hY OREFratOrl,: maa
Graenhic oPtion B=no, i=yes.
Conv. criteria (Frac. chanse INn INterals.)acrnuaa
Number Oof time StepPs Per CrCI@, .o
Ensine operating conditions!

AVerase workine Jas Pressures balacammaad —————————
Metal temperature of sas heater:, K

Hetal temPeraturé of %as Cooler: Kemommmao ———————
Pressure vessel tTemp., Of alt. and b, spPace, K ...
Ensine speedy MHlocomcocccaa. ——

Cyliinder dimensions and materials
Raximum gisplacer and POWET PISION ZLTOKE: CM
Diam2ter Ot power PiStON and eNYiNe C¥ler CM e
Oar between dispPlacer and Cyiinder walis CM mecea
Dispiacer rod diamele€lrs CWM e ——
Number Ot radiation shields In displacer., -
Heater, resenerator, cooler:
Number 0t heaterl and COOI@®F TUDE TOWS wecccecccae-
Radial lensth Ot heated half PIND TUDES) CM -
ID ot heater tubes:, Cm
Sauare PIiTCh fOrF heater OF cCooler tube array, cm.

Seal 1enIthy CM ;o

Diamerer ©f wirve in matriny MICRONS comaccmcccaas
POrosity Ot mavrin, PER CENTV oooo

Ratlo Of tiOw area 10 tace area In resenerator ..
Radial 1ensth Of CcoCied halr 2iIn TUDESs Clewaeae -

1D of cooler tubes:, CH w_.
Lingar senevatcr parameters! )
Specitic welsht of alternator at 68 Hz, ke/kW(e).

. Et1iciency 01t The alternator: serl CeNY coceccacae-

30

1
. 0R5000
24

428, 09
13002. 0
B800. a0
S00. 80
240. 00

1.50
z0. 00
.10
7.87
10

15
s. 00
.20
.40
.50

20. 02

70. 20
6. @0
5. bo
.20

8. 00
S0.00

Martinl Eny. Isothermal Analysis ot FPSE-Riternator Power System

POWER. WRTTS HERT REQUIREMENT, WATTS
Thnermo. P. Pist. £72€2. 13 Thnermodynamic 335629. 40
Thermo. Dispi. 51969.55 ARdiabatic Corr. 13901.92
Raolavatic Corr. -30422. 16 Reheat loss 92053, 91
Heater t1ow 10SS 17476.70 Shuttie loss 28.84
Resen.tiow 1Css 18113. 64 Appendix 10sS 21081, 52
Cooter ¢icw 10SS 16359. 34 Tenn.swins l0ss 230. 68
Dse. Dr. Pwr. Reamt. -22.08 Cri. Wall Cond. 11E.8€E
Net Ens ine Power JEB83IS. 96 Diseicr Waili Cond. 1767.94
Riternator Loss 3eE4. B0 Reaen. Waii Cond. 1872. 90
NEY ELECT. POWER 23178.05 Crvi. Gas Cond. 1.27
OVERALL EFFICIENCY, % 8.21 Resen. Mtx. Cond. 40840,12
Tenperatures, K Rad.Inside Disel, . 02
0D Gas Heatrer 1300. 8E Fiow Fric. Credit ~-26333, 52
Ertecr. Hot Gas 1273.27 Total Heat %0 Ense. 406193, 80
Ettecr. Cole Gas £21.01 Disel.Dr. Heat -22. 08
OD Gas Cooier 799.72 Ensine Cool iny 3E7I31.80
Weionts: Ky Riternator coolins 3EB4. VD
Hotv Crl ing=r ¢ 18.87 Lensths, cm
Heatar tubes 7.39 Ensine 32.65
Rea. Wall . B6 Riternator 302. 15
Ré9. Matrix 6. 1€ Bounce Space 8.75
Cri. Wail .21 TOTAL LENGTH €9.55
Displacer 19. 14 Diamezers: cm
Dispi.Drive Rod .83 Ens.Cr1.0D 22.42
Dispi.D.R.Sumsort z. 67 0D Ann. Resen. 30. 23
Cooier Tubes 1.24 Wail Thicknesses: cm
Coid Criinger 1z.7@ Hot criinder 1.21
Riternator B6E. 3} Cola cry!iinder A
TOTAL WEIGHT 12¢. 38 Riter. cyiinder . 40
Nuaber of heater tubes 2156 Heater .02
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INDEPEENDENT INPUT VALUES

Prosftam CORTrol Parancterss

Case number dETINeg BY OPErATOrN: e
Grephic oPtion B=np, Imyes, o ccccc e ———
Conv. criveria (Frac. chanse in INtEIraiSs, )ueunn
Nuaber Of time StLePs P@f Crclie, - -

Ensine orerating condivions?

AVerase wOrkKing 9as PressuUlre®) bAfMaaaenccaccaceen-~
Meta|l Temperature of vas heavtery K
netai tenperature Ot 948 COOICTr) Kanmmmncnncwcecaa-
Pressure vessel temP, Ot all. and b, seacer K oo
Ensine speeds HImomaoeuao

Cylinder dimensions and materials

Raximum dispPlacer and POwer PISION BSTroke: Co ...
Diameter of AOwer PisStON and ENIINE CY¥ler CM o
Gar between diselacer and Cylinder wails cm
Displacer rod 0iametery €M oocecacc e e
Number of radiation shieids In displacer,

Heaters resenerator, coolert

Nusuber of heater and COOlIE€r TUDE TOWS cmcecan -———
Radial lensth Ot heated halr Pin TUDES) CM e
ID ot heater tubes: Cm oo __

Sauare pitCh tOr heater Or cooler wube arrar, Cm.
Se¢al 1enIthy CRAl cccececm
Diameter ot wire In matrixs MICRONS ccmcmccccea-o
Porosity ot matrixy PER CENT -— -
Ratjo of tiow area to face area In resenerator ..
Radial lenstn Gt Ccooled hall PIR TUDLESY CMee oo
ID ot cooler tubes: €Ol weo . _——

Linear senevator pavameterst

Specitic weioht Ot alternator at 60 Hz, ks/kW(e).
Etticiency of the alternator, eer cent

24

S. 00
.20
. 40
50 <
20. 020
70. 00
6. 20
5.8
.20

8. w0
90. 82

Martini Ens. Isothermal Rnalrsis of FPSE-AiIternator Power Grstem

POMER, WRTIS HEAT REQUIRERMENT. WATTS
Thermo. P.Pist. 100356, 20 Thermodrnamic 3537023, 92
Thernmo.Disol. S53687. 38 Rolapazic Corr. 15837. 16
Raiabatic Corr. ~24B4LE. 38 Reneat 1039 67810. 43
Heater tiCw 10SS 19492, 57 Shuttie 1Oy 33.31
Resen. tiow 1Ges 17615.79 Aeeendix lOosS 31827.37
Cooler 110w 10SS 16454, 42 Temp.swins loas 337.55
Dse.Dr. Pwr.Reamt, -137.24 Cri. Wali Condg, 141,38
Net Ensine Power 75529, 79 Disetcr Waii1 Cond. 1770.73
Riternazor Loss 7550, 98 Resen. Wail Condg. 2227.73
NET ELECT. POWER GEQSE. RS Cvi. Gas Cond. 1,46
OVERALL EFFICIENCY, ¥ 15. V6 Reven. Mtx. Cond. 4EEE, 34
Tenperaitures,: I Rad. Inside Dispt. . 00
0D Gas Heater 1300. 96 Fiow Fric. Credit -283R1. 46
Eftect. Hot Gas 1271, 02 Total Heat 10 Ens. 45205€. 20
Et+tect.Cold Gas 720. 5E Displ.Dr. Heat -137.24
0D Gas Cooler £99. 71 Ensine foolins 376408. 90
WNeionts, Ks Riternator coolins 7550. 98
Hot Crlinger 18. 87 Lensths: cm
Heater tubes : 7.39 Ensine 32.65
Res. HWall . 86 Riternator 61.81%
Res., NMatrin 6. 16 Bounce Space 6.73
Cri. Wall . 21 TOTAL LENOTH 101.21
Displacer 16. 12 Dianeters: c¢m
Dispi.Drive Rod .81 Ens.Cri1.00 22.42
Disp1.D.R. Sumsors 2.67 0D Ann.Resen. 32, 25
Cooter Tubes 1. 24 Walil Thicknesses.,
Cois Criinaer 19. 46 Hot criinger 1.21
Riternator 135.92 Coid criinger . 40
TOTAL WEIGHT 209, 78 ARiter. criinder Ay
Nunber of heater tubes 2356 Heater .02
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INDEPENDENT INPUT VALUES
Proaram control paramneterss

Case number gefined ‘'byr oeerator. 32
Gramshic option B=no, i1myes. 1
Conv. criteria (Frac. chanse in INtEYrals,)aan .. .DO500D
Numsper ot tiame sters Per crcie. —— 24
Ensine operarvine conditionst
Averase workine %as Pressures bar 400. 00
feta) teaperature of sas heater. K 1300. 20
Hetal temperature of sas cooiler, K 600. 22
Pressure vessei temP., Of alt. and b. spPaces K ... 3500.00
Ensine speeds MHIocooo.o 240.00
Criinder dimensions and materials
Raximum disPlacer and POwWer SIBItON SLIrOK®r CM me. 1.350
Diameter ©f power Piston and eNYINE CY¥ler CM mmee 20. B0
Car between disPlacer and Criinder waltls €M emeee. .10
Dispiacer rod dlamevers cm 7.67
Number of radiation shielos In diSPIACRlY ccee-. 10
Heater, reysenerators cooler:
Numb®r Of heater and cooler tUL® TONS wecececeemee 15
Ragial i1ensth Of heated half PIN TUDES) CM caceen 5. 80
ID 0of heater tTUDLES) CM cmccecemca-a .20
Square eitCh tOr heater or COoOler tube array, cm. LD
Seal lensth, Cwm —————- -1
Diametrer Ot wire in matrin: MICRONS wmmccae.- ———— 20. Q.
Porcosity ot matriw, PER CENT 70. 00
Ral1i0 Ot 1i10W area Y0 tace area In resenerator .. 6. 00
Ragial 1ensth Ot Cooled halr PIN TULES) CMecmccmaea S. 00
ID ot cocler tubes: CMm e ——— .20
L Inéar seneratcr pParaseters!t
’ Specitic weisht Oof alternator at 60 Hry ke/kW(e). e. ea
Efticiency ot the alternatols Per Cent aeee_. ——- S02.00
Martini Ens. Ilsothermal RAnalrysis ot FPSE-Riternator Power Srstea
POWER. MWRTTS HEART REQUIREMENT. WRTTS
Thermo. P.Pist. 138019.70 Thermodrnamic 379573. 30
Thermo. Disel, £5824. 75 Adlabatic Corr, 17977.93
Rdiabatic Corr. -19073. 42 Reheat i10s3 883535, 74
Heater <low loss 22053.06 Shuttie loss 37.22
Resen.tiow 10ssS 17123. @7 fiependixn lOoss 47542, 50
Cooier flow l10ss 1E4608. 16 Tenp. awing loss S83.33
Dso. Dr. Pwr, Reamt, -207.,17 Cri. Waill Cond. 163. 31
Net Ensine Power 118946. 32 Diselcr Wai! Cond. 1707.35
Riternator Loss 11894.63 Resen. Wail Cond, 2573.35
NET ELECT. POWER 107258. 80 Cvi. Gas Cond. - 1.64
OVERRLL EFFICIENCY, % 20. 99 Resen. Mtx. Cond. 5215. 00
Tesperatures: K Rad. Inside Dissol. . 00
0D Gas Heaver 1201. @9 Fiow Fric. Credix -38616. 60
Ettect. Hor Gas 12E8B. Q9 Total Heat ‘to Ens. S13214. 40
Ettect. Coid Gas 620. 49 Disel.Dr. Heat -207.17
0D Gas Cooler 599. 69 Ensine Coolins 394060. 98
Welshta, K9 Rizternator coolinge 11894.E2
Hot Criinder . 18.87 Lensths: cm
Heater tubes 7.39 Ensine 32.863
Res. Wall . Bb6 Riternator 97.36
Rés., Natrix 6. 1E Bounce Seace 6.75
Cyi. Hai .21 TOTAL LENOTH 13E. 7€
Dispiacer 13. 4E Dianevers: ¢m
Disei.Drive Rod .79 Ene.Cri1.0D 22,42
Disei1.D.R. Suprort 2. 67 OD Ann. Rzsen. 3. 25
Cooier Tubes 1. 24 Walt Thicknesses: cm
.Cotd Criinager 27. @& Hot crtinder 1.21
Alwernazor 14,10 Coid cviinder « WP
TOTRL WEIGHT 292.79 Riter. crvlinder Y]
Nuwber ot heater tubes 2356 Heater . 82

A-31



INDEPENDENT INPUT VALUES

Prosram controi

Parametegrst

Case number defined by oRerator, - 33
Grashic ortion Beno., iwyes. - 1
Conv., criteria (Frac. cnanse iN iNteSrais.)amaaa. . D500
Nusber Oof time sters Per crcie. .. 24
Ensine oserating conditionss
Averase workine sas pressure: bar 400. 22
Netai temperature of sas heaters K - 1302.00
Retal tenlerature of sas coolery K S5008. VO
Pressure vessel temp. Of alt, and b. space» K ... 3S00.00
Ensine speedy HI._.._ -— 240,00
Cylinger dimensions and materials )
Haximum diSPIACer and POwWEr PIiStON Stroker, Cis . 1.30
Dianieter Of power I 8%CN and ensine Crles CM cmao 20. 00
Dao between displacer and Criinder walls CH e .10
Dispiacer rod diameterrs €M —. 7.5%
) Nusber Ot radiation shields Iin dispPlacers aeeao. 10
Heaster, resenerator, coolert
Nusiber O0f heater and cooler TUbEe TOWS v mecaae 15
Radgiay lensth Of heated hair PIin TUDES: CM —mmeeeo 2.0
ID ot heater tubes: cm o ——— .20
Sauare PiTCh tar heater Qr cooler Tube array, cm. A
Seal 1eNIthy CM e —— .« 50
Dianerer ©f Wwire In matrins MICRONS cooecaeaea <@, 22
Porosity of matrin, PER CENT 70.00
Ratio &t tI1ow area to face area in resenerazor .. 6. 00
Radial lensth Of cooled halr Pin TUbES: CMaccaaa. 5. 00
1D ot Coctler tubes: ¢Cm .20
Linear senerator warameters!?
Specitic welsnt Of alternator at 60 Hz, ks/kWled_ 8. a0
Efticioncy ©Of the aiternator, Per CONY mecemcaece- S2. B2
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Martinl Eny. leothermat Rnalvsis ot FPSE-RIternator Power Systems
PONER, HATIS HEAT REQUIRERNENT. WRTITS
Thermo. P, PisSt, 1€2062. 40 Thermodrnamic LRBT44. LD
Thermo, Disel. SE248.68 Rdiabatic Corr. 20432, 91
fdiabartic Corr. -135€7.23 Reneat 1083 116€27.70
Heat®r 110w 108S 25479.R5 Shuttie loss 40,48
Resen.tiow 1SS 16£59. 20 AspendiIxn 108S 71980, 41
Ccoler 110w 1088 16345, 22 Temp.swins 1088 776.30
Dse,. Dr, Pur. Reamt., 261.54 Crvi. Wali Cond. 184.53
Net Ensine Power 1€8495. 18 Diseicr Waii Cond. 1929.19
Riternator Loss 166849. 51 Resen. Wall Cond. 2907.71
NET ELECY. POWER 1513684.10 Cyi. Gas Cond. . .78
OVERALL EFFICIENCY, 23, 4% Resen. Mix. Cond. S673. 36
Teaberatures, K Rad. Inside Dispi. . 00
0D Gas Heater 1301. 26 Fiow Fric. Crediv -33809. 25
Ettect, Hov Gas 12€4. 26 Total Heas w0 Ens. 5935689, 38
Ettect. Coid Gas S20. 97 Disei,.Dr. Heat 261, 54
‘OD Gas Cooler 499. 66 Ensine Coolins 4274335, 90
Welohts, K9 Rivernator coolins 16849, 51
Hot Cri inder . 1B.87 Lenstha, Ccm
Heater tubes .29 Ensine 32. 65
Res. Wait .86 Alternator 137.92
Res., Navrinx 6. 16 Bounce Seace 6. 7%
Cri. MHal 3 TYOTAL LENOTH 177.32
Displacer 13. 46 Dianevers: cm
Dispi.Drive Rod . 76 Ene.Cr1.0D 22,42
Diwp1,.D.R. Sursory 2. 67 0D Ann.Resen. 38. 25
Cooler Tubes 1.24 Wail Thicknesses: cm
Cotd Criinger 35. 72 Hot crviinder ' 1.24
ALternator IRy, 29 Coid crviinger .40
TOTAL WEIGHT 390. 62 “Alver. cviinder e 48
Nusber ot heater Tubes 2336 Heater .02
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